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Abstract
Conventional piezoelectric materials such as quartz are widely used as high
precision transducers and sensors based on bulk acoustic waves. However,
their operation temperature is limited by the intrinsic materials properties to
about 500◦C. Anticipated high-temperature applications including thermo-
gravimetry on small volumes and gas sensing based on stoichiometry change
of thin sensor ﬁlms are feasible by applying materials that retain their piezo-
electric properties up to higher temperatures. Langasite (La3Ga5SiO14) and
gallium phosphate (GaPO4) are promising candidates. Factors limiting po-
tential use of those crystals include excessive conductive and viscous losses,
deviations from stoichiometry and chemical instability. The objective of this
work is to identify the related microscopic mechanisms, to correlate elec-
tromechanical properties and defect chemistry and to improve the stability
of the materials by e.g. appropriate dopants.
Part I of this study is related to the electromechanical properties of lang-
asite and gallium phosphate. They are determined at temperatures of up to
1050◦C and described by a one-dimensional physical model. The latter is de-
veloped with special consideration of losses. Key properties relevant for stable
operation of resonators are identiﬁed to be shear modulus, density, electrical
conductivity and eﬀective viscosity. In order to quantify their impact on fre-
quency and damping, a generalized Sauerbrey equation is given. Further, an
equivalent electrical circuit for high-temperature resonator devices is derived
which makes the physical model handy for routine data evaluation.
Temperature ranges of predominant viscosity and conductivity related
losses are identiﬁed. Most remarkably, langasite and gallium phosphate res-
onators are shown to exhibit bulk acoustic waves up to at least 1400 and
900◦C, respectively. Their mass sensitivity at elevated temperatures is about
as high as that of quartz at room temperature. Temperature related fre-
quency ﬂuctuations can be compensated almost entirely by using higher vi-
bration modes. Within its operation temperature range, gallium phosphate
shows signiﬁcantly lower losses than langasite.
I
Part II is focussed on mass and charge transport in single crystalline lan-
gasite. Those phenomena are correlated with langasite’s defect chemistry
and electromechanical properties. First of all, the dominant charge carriers
are identiﬁed. Undoped langasite shows predominant ionic conduction at
elevated temperatures. As long as the atmosphere is nearly hydrogen-free,
the transport is governed by oxygen movement. A dominant role of hydro-
gen is observed in hydrogenous atmospheres since the diﬀusion coeﬃcient of
hydrogen is orders of magnitude higher than that of oxygen.
The loss in langasite is found to be governed up to about 650◦C by vis-
coelastic damping related to the above mentioned movement of oxygen ions.
Based on langasite’s defect chemistry donor doping is expected to lower that
loss contribution and shown to be eﬀective. Above 650◦C the impact of the
conductivity related loss becomes pronounced. Here, lowering the conduc-
tivity results generally in decreased losses.
Further, the evaluation of langasite’s applicability is focused on mapping
the regimes of gas insensitive operation. The most relevant feature with re-
spect to frequency ﬂuctuations of resonator devices is the formation of oxygen
vacancies. The calculated frequency shift induced by redox related reactions
only exceeds the limit of ± 4 Hz below 10−17 bar at 1000◦C, below 10−24
bar at 800◦C and below 10−36 bar at 600◦C in nominally hydrogen free at-
mospheres. Water vapor is found to shift the resonance frequency at higher
oxygen partial pressures. In the hydrogen containing atmospheres applied
here, langasite can be regarded as a stable resonator material above oxygen
partial pressures of above 10−13 bar at 800◦C and 10−20 bar at 600◦C. The
incorporation of OH-groups into the material determines the frequency shift.
Finally, application examples are summarized to demonstrate the capa-
bilities of high-temperature stable piezoelectric materials.
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Chapter 1
Introduction
1.1 Piezoelectric Resonators
Quartz resonators vibrating in the thickness-shear mode are well known
as Quartz Crystal Microbalances (QCM)1. Very small mass changes during
ﬁlm deposition onto resonators or gas composition dependent stoichiometry
changes of thin ﬁlms already deposited onto the resonators can be correlated
with their resonance frequency shift [1, 2]. Thereby, speciﬁc surface aﬃn-
ity layers allow chemical sensing. Such devices are able to detect monolayer
variations on its surface providing thereby a very high sensitivity. For exam-
ple, changes in mass equivalent to 0.1 monolayers of oxygen atoms can be
detected which enables the stoichiometry determination of surface oxides [3].
Fig. 1.1 presents a typical QCM setup which consists of a piezoelectric disk,
key hole shaped electrodes and a sensor ﬁlm.
Anticipated application ﬁelds of such resonant sensors are the in-situ de-
position rate monitoring during chemical vapor deposition, thermogravime-
try on small volumes and gas sensing based on stoichiometry change of thin
sensor ﬁlms. Thus, operating conditions exceeding 500◦C are often required.
Figure 1.1: Piezoelectric resonator operated in the thickness shear mode.
1Terms and acronyms are listed in Appendix D.
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Table 1.1: Operation temperature limits of piezoelectric materials.
material temperature remarks reference
limit [◦C]
Li2B4O7 230 excessive ionic conductivity [6]
LiNbO3 300 decomposition [6–9]
LiTaO3 300 decomposition [6]
α-quartz 573 phase transformation [4, 5]
AlPO4 588 phase transformation [6, 19, 20]
GaPO4 970 phase transformation [12–14]
AlN ∼1000 oxidation resistance [15–18]
langasite 1470 melting point [10, 11]
As a consequence, conventional piezoelectric materials cannot be used. Their
maximum operation temperature is limited by intrinsic materials properties
such as phase transformations and high losses. For example, α-quartz un-
dergoes a destructive phase transformation at 573◦C [4]. In practice, the
maximum temperature of about 450◦C is determined by high losses [5]. Non-
stoichiometric lithium niobate (LiNbO3) and lithium tetraborate (Li2B4O7)
either decompose at 300◦C or exhibit phase transformations at 500◦C, re-
spectively [6–9]. The operation of piezoelectric materials can be extended
to higher temperatures by applying materials that retain their piezoelec-
tric properties up to higher temperatures. Langasite (La3Ga5SiO14), its iso-
morphs and gallium phosphate (GaPO4) are promising candidates for high-
temperature applications. They enable operation temperatures signiﬁcantly
above 500◦C. The ultimate temperature limits are given by the melting point
of langasite and the phase transition of GaPO4 at 1470 [10, 11] and 970
◦C
[12–14], respectively. Aluminium nitride (AlN) can be, in principle, used up
to 1150◦C. However, the lack of suﬃciently large crystals and poor oxidation
resistance prevent its use [15–18].
Tab. 1.1 lists piezoelectric materials of practical relevance2, with langasite
theoretically having the highest possible operation temperature. Another im-
portant aspect focussing the interest on langasite is the availability of high
quality and large size single crystals manufactured by the Czochralski tech-
nique [10, 11, 21]. Besides langasite, GaPO4 is a very promising material for
high-temperature applications as long as the operation temperatures do not
exceed 900◦C considerably. GaPO4 is, in particular, expected to show low
losses. However, productivity and yield of growing GaPO4 single crystals
is rather low. Extremely anisotropic growth rates, twinning and the incor-
poration of OH-groups in the crystals are observed [22–25]. Due to those
2Further materials of the langasite-related family of compositions are not listed.
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diﬃculties the availability of GaPO4 is limited which might prevent its large
scale application. Further, there is still only one commercial supplier world-
wide known3.
The ﬁrst compound of the langasite-related family of compositions was
discovered at Moscow State University in 1979 [26]. Since then the material
attracted signiﬁcant attention for improved electronic oscillators and ﬁlters.
Advantages of langasite over α-quartz include higher piezoelectric coupling
which results in higher resonator quality factors, and thus in reduced phase
noise [27–29]. However, a couple years had to pass before the interest turned
on langasite’s high-temperature properties [30–32]. For example, in 1998
langasite-based Surface Acoustic Wave (SAW) devices were operated for a
short time at 1000◦C [33]. The literature in those days did not contain
meaningful data about the high-temperature properties of langasite [6]. In
particular, the option to operate langasite as Bulk Acoustic Wave (BAW)
resonator at high temperatures was under question. The latter was caused
by the lack of conductivity data and of the knowledge about their impact on
the resonance behavior.
The need for a High-Temperature Micro Balance (HTMB) and the above
mentioned open questions inspired us to investigate langasite closely. In
1999, we could operate langasite BAW resonators up to 750◦C [34]. In-
creasing experience in data acquisition and electrode preparation enabled
the demonstration of even higher operation temperatures such as 900◦C in
2000 [35, 36], 1050◦C in 2004 [37] and more than 1400◦C in 2005 [38, 39].
The high-temperature applicability of GaPO4 BAW resonators was demon-
strated to be 700◦C by the commercial crystal supplier in 2001 [40]. In
2002 we could operate GaPO4 resonators up to 900
◦C which is already close
to its phase transition [41, 42]. Fig. 1.2 shows the temperature dependent
resonance frequency of langasite and GaPO4 thereby demonstrating the ap-
pearance of BAW’s at high temperatures. The data of α-quartz are given for
comparison.
In parallel to the demonstration of the maximum operation temperatures,
the materials properties of langasite and GaPO4 were investigated in the
frame of a tight cooperation of groups from Massachusetts Institute of Tech-
nology (MIT) and Technical University of Clausthal (TUC). In 2002, a crystal
growth group from Institute of Crystal Growth (IKZ), Berlin-Adlershof, joint
the alliance. The main written outcome of this joint work are the thesis of
Dr. Huankiat Seh [43] supervised by Prof. Dr. Harry L. Tuller, this work, re-
lated publications in journals and two patents [44, 45]. Further, a prototype
of a langasite based sensor system has been developed in cooperation with
other universities and companies [39].
3Piezocryst GmbH, Graz, Austria (formerly AVL List GmbH).
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Figure 1.2: Temperature dependent resonance frequency of langasite, gallium
phosphate and quartz BAW resonators.
1.2 Open Questions
The application of piezoelectric materials as sensor platform at high tem-
peratures requires environmental independent operation. For example, the
minimization of stoichiometry changes is essential to insure high mass res-
olution in ﬁlms applied to the HTMB’s. The same requirement applies for
electrode materials. In contrast, sensor ﬁlms are supposed to show large en-
vironmental dependent mass changes. Consequently, the properties of those
sensor device components must be addressed.
1.2.1 Piezoelectric Materials
Key operation-temperature limitations of the piezoelectric crystals, i.e. phase
transformations or melting, are already discussed. The accurate knowledge
of their temperature dependent electromechanical properties including
• Piezoelectric coeﬃcients and electromechanical coupling factor,
• Elastic constants,
• Viscosity and
• Electrical conductivity and dielectric constants
is the precondition for the understanding of the microscopic mechanisms.
Further, the evaluation of the chemical stability is required. Here, the po-
tential loss of gallium is a key issue. Those phenomenological properties are
related to open questions such as the impact of
• Excessive conductive and viscous damping,
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• Deviations from stoichiometry and
• Chemical instability
on the resonance behavior. Thus, the kinetic mechanisms controlling elec-
tronic and ionic transport and the bulk resonant characteristics in this oxides
must be evaluated at high temperatures. Further, related models describing
the defect chemistry and the atomistic transport must be established.
The operation of piezoelectric resonators as sensor platform at elevated
temperatures requires, in general, temperature independence of the resonance
frequency. Options to exclude temperature eﬀects such as
• Temperature compensated cuts and
• Compensation methods
must be realized and tested. Another important application relevant prop-
erty to be determined is the mass sensitivity.
As for room temperature applications, the resonance behavior might be
impacted by mechanical stress. High-temperature operation faces eﬀects due
to
• Diﬀerences in the Coeﬃcients of Thermal Expansion (CTE) of res-
onator, electrode and sensor ﬁlm material and
• Stoichiometry change or
• Phase transition related changes of the sensor ﬁlm volume
which have to be considered.
1.2.2 Electrode Materials
Aside the stability of the piezoelectric materials itself, electrodes must be
applied that remain stable under harsh environments. In particular,
• Highly conductive,
• Chemically stable and
• Adherent
electrodes are required. Additionally, the electrodes of resonant devices ex-
perience extremely high accelerations. Therefore, they must represent a good
compromise on high conductivity and low mass. The mechanical properties
must be nearly gas atmosphere and temperature independent to avoid distur-
bances of the resonance behavior. Consequently, the demands on electrodes
for resonant devices exceed those for common high-temperature electrodes.
1.2.3 Sensor Film Materials
Sensor materials showing large stoichiometry changes as function of the sur-
rounding atmosphere must be identiﬁed in order to take advantage of the
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high-temperature operation of the piezoelectric resonators. The sensor ﬁlms
should exhibit
• Large relative mass changes due to e.g. reduction,
• Short diﬀusion lengths in order to achieve fast response and
• Chemical stability and low volatility for long term stability and repro-
ducibility of the sensor signal.
Further, porous ﬁlms might be applied. They provide short diﬀusion lengths
and large surfaces. The letter is advantageous as long as suﬃciently low
temperatures enable the use of gas adsorption processes. But, it is an open
question, if the mechanical stiﬀness of porous ﬁlms is suﬃcient to be used on
top of resonant sensors.
1.3 Objectives
1.3.1 Piezoelectric Materials
From the very beginning, this work was focussed on the detailed investiga-
tion of langasite because of its high theoretical operation temperature limit
of 1470◦C. The subsequent demonstration of operation temperatures close
to this limit justiﬁed the choice. Thereby, langasite is regarded as model
compound representing the langasite-related family of compositions. GaPO4
is included in the investigations since it oﬀers extremely low losses. The fact
is advantageous as long as the operation temperature does not exceed 900◦C
considerably. Relevant data of α-quartz are determined and presented for
comparison, only.
The research objectives originate from the open questions outlined in
Section 1.2.1. First, the electromechanical properties of the above mentioned
piezoelectric materials must be determined accurately and modeled up to
temperatures as close as possible to the respective ultimate limit. Further,
the microscopic mechanisms which determine
• Losses,
• Non-stoichiometry and
• Kinetics of oxidation-reduction
have to be investigated. Special emphasis must be taken on viscosity related
losses since they are suspected to limit the sensing capabilities. For that,
the viscous damping and potential correlations with other materials param-
eters have to be explored. These studies must include, in particular, the
investigation of the defect chemistry of the piezoelectric materials. Thereby,
the
• Predominant charge carriers,
• Ionic and electronic contributions to the conductivity and
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• Eﬀects of dopants and hydrogenous species on electrical and mass trans-
port properties at diﬀerent oxygen partial pressures and temperatures
are intended to be identiﬁed.
Based on these results, application conditions should be derived which
include ranges of gas insensitive operation and suﬃciently low damping of
the piezoelectric resonators. Further, concepts to improve the piezoelectric
materials should be proposed and tested. Minimized stoichiometry changes
and low losses should be achieved by selecting
• Dopants which shift the stoichiometric composition of the piezoelectric
materials to operation conditions of interest,
• Compositions in which oxygen vacancy creation is less favorable,
• Conditions in which diﬀusion kinetics plays a minor role and
• Alternate candidates in the langasite-related family of compositions.
Finally, application relevant aspects such as temperature coeﬃcients, tem-
perature compensation and mass sensitivity must be evaluated.
1.3.2 Electrodes and Sensor Films
Thin ﬁlm platinum electrodes are intended to be applied initially. The choice
is predominantly motivated by its presumably small impact on the resonance
properties of resonator devices. The stability limits of such electrodes must
be explored including
• Chemical and thermal stability with special emphasis to evaporation
of volatile platinum suboxides,
• Reactions at the interface electrode-resonator,
• Adhesive strength and
• Electrical conductivity degradation.
Further steps in development of reliable high-temperature electrodes and
adhesive layers involve Pt-Rh alloys, Titanium nitride and lanthanum stron-
tium manganate (LSM). The investigation of their materials properties must
consider the above mentioned issues and potential non-stoichiometries in case
of ceramic electrodes.
Sensor ﬁlm materials commonly applied in resistive high-temperature gas
sensors can be used for HTMB’s provided that they exhibit large environ-
mental related mass changes. The electrical properties and the operation
conditions of ﬁlms such as TiO2−δ and CeO2−δ are well known. These ma-
terials are stable end expected to cause large frequency shifts via reduction
or oxidation. For example, titanium shows a change in mass during oxida-
tion of 67 % (Ti to TiO2). Potential sensor materials for the measurement
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of relatively high oxygen partial pressures are CeO2−δ and PrxCe1−xO2−δ.
The above mentioned materials are intended to be tested as environmental
dependent mass load for resonant sensors.
1.4 Scope of this Work
The results presented subsequently are predominantly focused on
• Electromechanical properties of the piezoelectric materials,
• Correlation of defect chemistry and electromechanical properties,
• Determination of the operation limits and
• Improvement of the piezoelectric materials.
Further, application relevant studies such as gas sensor testing, microma-
chining of piezoelectric materials and development of high-temperature sta-
ble electrodes has been performed. These studies are described very brieﬂy
in Section 9.1. References for further reading are given therein.
The defect chemistry of langasite was predominantly investigated by the
MIT group. Some contributions such as diﬀusivities of the ions were pro-
vided by the TUC group. Nominally undoped and doped langasite crystals
were provided by the IKZ.
Part I of this work presents materials properties of langasite, GaPO4 and
α-quartz such as elastic constants, piezoelectric coeﬃcients, eﬀective viscos-
ity and their temperature and oxygen partial pressure dependencies. The
analysis bases on a physical model of the resonator devices and enables the
identiﬁcation of crucial properties for resonator operation and application
relevant characteristics such as temperature coeﬃcients and mass sensitivity.
Part II correlates electromechanical properties and defect chemistry of
langasite, thereby identifying the operation limits. Further, suggestions to
decrease the loss are realized and proven. Part II is exclusively focussed on
langasite due to its potential to be operated at very high temperatures and
the need to decrease losses.
Part I
Electromechanical Properties
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Continuum-mechanical Models
The ﬁrst part of this section describes the electromechanical properties of
thickness shear mode resonators based on a one-dimensional physical model.
Thereby, special attention is drawn to losses. In the second part, an equiva-
lent circuit and relations of its parameters to the electromechanical proper-
ties of the resonators are derived. Thereby, approximations are introduced
which make the exact model handy for routine data evaluation. Finally, the
strength and limitations of the continuum-mechanical model are discussed.
2.1 Thickness Shear Mode Resonators
2.1.1 Crystal Symmetry
The piezoelectric materials langasite, gallium phosphate and α-quartz belong
to the same crystal class and point group, namely the trigonal system and 32,
respectively. Therefore, their electromechanical properties can be described
by a single physical model. In particular, approaches known for quartz can
be reviewed and modiﬁed for resonators operated at high temperatures.
The materials properties mechanical stiﬀness c, piezoelectric e and dielec-
tric constant ε as well as physical properties such as the mechanical stress
T are tensors of diﬀerent order. The inherent tensor notation can be trans-
formed into a compressed matrix notation since the symmetry of the crystals
reduces the number of non-zero tensor components drastically. The approach
is described in detail in [46, 47] and leads for the piezoelectric materials of
interest to Eq. 2.11 with c66 =
1
2
(c11 − c12). The axis of the corresponding
coordinate system are denoted by x1, x2 and x3 in order to relate the indices
to the matrix notation. Thereby, x3 = z is oriented parallel to the crystal-
lographic c axis. The x1 = x axis coincides in direction and sense with any
one of the crystallographic a axes. The x2 = y axis is perpendicular to x1
and x3, oriented as to form a right-handed system [48]. The crystallographic
1The superscript t indicates the transposed matrix.
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axis are visualized in Fig. 6.1. Numerical values of the matrix coeﬃcients for
langasite, GaPO4 and quartz are given in Appendix A.
(
c e t
e ε
)
=
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
c11 c12 c13 c14 0 0 e11 0 0
c12 c11 c13 −c14 0 0 −e11 0 0
c13 c13 c33 0 0 0 0 0 0
c14 −c14 0 c44 0 0 e14 0 0
0 0 0 0 c44 c14 0 −e14 0
0 0 0 0 c14 c66 0 −e11 0
e11 −e11 0 e14 0 0 ε11 0 0
0 0 0 0 −e14 −e11 0 ε11 0
0 0 0 0 0 0 0 0 ε33
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(2.1)
2.1.2 Orientation of the Resonators
Unless speciﬁed otherwise the resonators used here are plane-parallel disks
where the axis normal to the surface is oriented in the x2-direction (y-cut
2).
Describing the resonators by a one-dimensional model as done in the following
section, the electrical ﬁeld E across the resonator is parallel to this direction
E =
⎛⎝ 0E2
0
⎞⎠ . (2.2)
In order to identify the vibration mode of such resonators, the displacement
of the resonator surfaces caused by an electric ﬁeld must be determined. The
relative position of two opposite points at the resonator surfaces is given by
x =
⎛⎝ 0dR
0
⎞⎠ (2.3)
whereas its displacement u follows from
u = Sx. (2.4)
Thereby, dR and S represent the thickness of the resonator and the mechanical
strain, respectively. The latter property can be calculated using the equation
for the inverse piezoelectric eﬀect
S = d tE. (2.5)
Here, d represents an alternative notation of the piezoelectric constant with
eip = diqcqp [48]. From Eqs. 2.1–2.5 and the electrical potential across the
2The crystal cut designation follows [48].
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Figure 2.1: Orientation and displacement of the TSM resonators used here.
resonator with φ = dRE2, the displacement yields
u =
⎛⎝ −dRE2d110
0
⎞⎠ =
⎛⎝ −φ d110
0
⎞⎠. (2.6)
Thus, when the electric ﬁeld is applied in the x2 direction, the mechanical
displacement is in the x1 direction. In other words, the piezoelectric plate
undergoes a shear deformation across its thickness. The corresponding vibra-
tion mode is called thickness shear mode (TSM) and results in a displacement
as shown schematically in Fig. 2.1.
The following models are developed for y-cut resonators. Nevertheless,
the TSM vibration of diﬀerently oriented resonators can be described by
the same approach using modiﬁed materials data. Essentially, the matrix
according to Eq. 2.1 has to be rotated as described e.g. in [47].
2.2 One-dimensional Physical Model
The materials properties of a resonator can be determined according to the
IEEE standard 176-1987 [48] as long as low losses apply. The method de-
scribed therein requires the measurement of the electrical impedance Z =
R + jX or admittance Y = G + jB = 1/Z of a resonator device in the
vicinity of the resonance frequency. The data evaluation bases on the ap-
proximation that
1. Resonance frequency f(|Z|min) and series resonance frequency fS =
f(Gmax), and
2. Anti-resonance frequency f(|Z|max) and parallel resonance frequency
fP = f(Rmax)
are equal, respectively. The approximation is fulﬁlled for low losses only [49].
Since this work is focussed on high-temperature properties where high losses
are expected, a more elaborate approach has to be chosen.
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2.2.1 Constitutive Equations
A coated TSM resonator can be described by a three-dimensional physical
model taking into consideration the materials properties mentioned above.
The full set of diﬀerential equations is, however, diﬃcult to solve. Numeri-
cal approaches such as the ﬁnite element method are hardly applicable due
to diﬃculties arising from high aspect ratios between the diameter of ﬁlm
or resonator and their thickness. In addition, computing time and memory
prevents the use of ﬁnite element methods for routine data evaluation [50].
Analytical two- or three-dimensional solutions are available for uncoated res-
onators, only [51–53]. Since this work includes application relevant resonator
devices wearing environmentally sensitive ﬁlms, the problem of coated res-
onators must be treated. An alternative approach is the application of a
one-dimensional model which provides an analytical solution and enables
the straight forward discussion of the impact of the materials properties of
resonator and ﬁlm on the resonance behavior. The further analysis shows
that the restrictions caused by the one-dimensional model are tolerable.
The electrical response of a piezoelectric resonator can be calculated based
on constitutive equations, namely [47, 54]
• Linear piezoelectric equations,
• Newton’s equation of motion and
• Maxwell’s equations.
As mentioned in Section 2.1.1, certain components of the tensors for the
mechanical stiﬀness c and the piezoelectric constant e vanish for the crystals
of interest. This fact, the consideration of an inﬁnite plate in x1- and x3-
direction and shear displacements exclusively in the x1-direction simplify
the constitutive equations. In other words, a one-dimensional model can
be introduced where the physical properties changes along the x2-direction,
only. If no losses occur, the mechanical stress tensor T and the electrical
displacement D result in [55]3
T12 = c66
∂u1
∂x2
+ e26
∂φ
∂x2
(2.7)
and
D2 = e26
∂u1
∂x2
− ε22 ∂φ
∂x2
, (2.8)
respectively. Both equations are coupled with the equation of motion
∂T12
∂x2
= ρRu¨1. (2.9)
3It must be noted that viscoelastic losses are already introduced in [55]. The term is
skipped here since it is later introduced in its generic form, i.e. as imaginary part of the
mechanical stiﬀness.
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Thereby, ρR represents the density of the resonator material. Further, the
Maxwell equation simpliﬁes to
∂D2
∂x2
= 0. (2.10)
Considering a harmonic time dependence ejωt with ω = 2πf as angular fre-
quency, Eqs. 2.7–2.10 can be transformed to(
c66 +
e226
ε22
)
∂2u1
∂x22
= −ω2ρRu1 (2.11)
and
e26
∂2u1
∂x22
− ε22∂
2φ
∂x22
= 0. (2.12)
Since the number of relevant tensor elements is reduced to one for each
physical property and their assignment to the resonator material must be
ensured, the substitutions
εR = ε22,
eR = e26 and
cR = c66 + e
2
R/εR
(2.13)
are introduced. Thereby, a new property, the piezoelectrically stiﬀened shear
modulus cR, is deﬁned.
Additional layers, i.e. electrodes and sensor ﬁlms, can be treated in a
similar fashion. The situation becomes simpliﬁed since non-piezoelectric ma-
terials are regarded. In analogy to Eq. 2.11 the equation of motion results
in
cF
∂2u1
∂x22
= −ω2ρFu1. (2.14)
Here, cF and ρF represent the shear modulus and the density of the ﬁlm,
respectively. If necessary, the index F is extended to Fn with n = 1, 2 . . . in
order to denote several layers. The dielectric properties of the ﬁlms are not
introduced since the resonance behavior is expected to be independent of this
properties within the one-dimensional model. The surfaces of the resonator,
i.e. in practice the underlying electrodes, are regarded as equipotential planes
which prevents any drop of the electrical potential within the ﬁlms.
The equations presented so far, are state of the art and can be found in
textbooks such as [46, 47, 54]. However, a complete analytical solution of
the one-dimensional physical model reﬂecting all types of material related
losses is obviously not available. Therefore, the following section presents
that solution.
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2.2.2 Material Related Losses
The description of a resonator device requires the consideration of losses from
diﬀerent origins. Factors which aﬀect the loss include [47, 56]
• Intrinsic properties of the resonator material such as
– Electronic and ionic transport,
– Interstitial diﬀusion,
– Motion of dislocations,
• Resonator design and manufacturing such as
– Resonator blank geometry (contour, dimensional ratios),
– Electrode geometry,
– Surface ﬁnish,
• Operation conditions such as
– Mounting stresses,
– Drive level,
– Overtone number,
– Viscosity of the surrounding medium and
– Ionizing radiation.
The resonator design and manufacturing as well as the operation con-
ditions must meet certain standards to insure proper operation of the res-
onators. These requirements are well known and excessively published for
quartz under room temperature conditions, e.g.:
• Flat or plano-plano resonators with a diameter to thickness ratio greater
than 50 usually provide acceptable performance if they are operated in
the fundamental mode [57].
• The diameter of the electrodes should be generally smaller than 40 %
of the resonator diameter.
• The separation of unwanted spurious modes from the resonance fre-
quency can be achieved by limiting the diameter of electrodes as func-
tion of the resonator thickness as described in [58].
The resonators used here follow essentially these standards and show low
losses at room temperature.
Since this work is focussed on high-temperature operation of the res-
onators, material related losses are expected to be dominant at elevated
temperatures. To include these losses, the shear modulus, the dielectric con-
stant and the piezoelectric constant of the resonator materials have to be, in
general, treated as complex quantities. The imaginary parts of
cˆ66 = c66 + jωηR (2.15)
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and
εˆR = εR − j σR
ω
(2.16)
stand for the mechanical and dielectric loss, respectively [47, 49]4. Thereby,
ηR represents the eﬀective viscosity whereas σR expresses the electrical con-
ductivity of the resonator.
It should be noted that the mechanical and dielectric losses are related
by the complex dielectric constant included in cR according to Eq. 2.13. The
fact reﬂects the piezoelectric coupling which causes a depolarization ﬁeld.
The latter is aﬀected by dissipation eﬀects of mobile charge carriers [47].
The complex piezoelectric constant is given by
eˆR = eR + j 
R. (2.17)
Thereby, the name of the imaginary part 
R is not speciﬁed since there is
no simple physical interpretation. Irrespective of its origin, 
R can be seen
as phase lag between the electrical and mechanical properties. Microscopic
explanations are e.g. the jumping of lattice defects or the movement of do-
main walls in polycrystalline materials [59, 60]. However, for most materials
systems 
R can be set to zero [47]. The validity of this approximation for the
materials of interest in this work is justiﬁed in Section 4.1.3. Nevertheless,

R is included into to the set of equations in order to evaluate its impact on
the resonance behavior.
In analogy to Eq. 2.15, ﬁlms can be described by
cˆF = cF + jωηF (2.18)
with ηF as viscosity of the ﬁlm.
2.2.3 Boundary Conditions
So far, Eqs. 2.11–2.14 describe resonator and layers independently. For com-
pleteness, boundary conditions have to be deﬁned. A typical resonant sensor
shows a sequence of layers as visualized in Fig. 2.2a. However, the system
can be simpliﬁed if the focus is drawn to three cases,
(1) Modeling of the resonance behavior,
(2) Determination of the resonator properties and
(3) Determination of the sensor ﬁlm properties.
The ﬁrst case can be realized assuming bare resonators where the electrical
potential is applied without any impact on the mechanical behavior. The
layer sequence in Fig. 2.2b corresponds to this situation if
4In [49] the electromechanical coupling K2 = ε2/(ec) is considered instead of ε.
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Figure 2.2: Typical resonator device (a) and layer sequence suited for modeling
and determination of the resonator and sensor ﬁlm properties (b).
• R represents the resonator and
• F1 and F2 vanish by setting its acoustic load impedance (see below) to
zero.
The second case requires resonators without sensor ﬁlms and the exact con-
sideration of the electrodes. The situation corresponds to Fig. 2.2b whereas
• R stands for the resonator and
• F1 and F2 represent the electrodes.
In the third case, resonator and electrodes can be regarded as unit and de-
scribed by eﬀective properties as long as the electrodes are thin. Essentially,
the thickness of the resonator dR has to be replaced by an eﬀective thickness.
The layer sequence in Fig. 2.2b correspond to these situations if
• R represents resonator and electrodes,
• F2 is regarded as sensor ﬁlm and
• F1 vanishes by setting its acoustic load impedance (see below) to zero.
Consequently, an unique layer sequence as shown in Fig. 2.2b can be used to
represent the three cases mentioned above. Such resonator meet the bound-
ary conditions
(I),(IV) at the ﬁlm surface with
– vanishing shear stress T12 = 0,
(II) at the lower interface crystal–ﬁlm with
– continuous displacement u1,
– continuous shear stress T12,
– driving potential φ = φ0 e
jωt,
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(III) at the upper interface crystal–electrode with
– continuous displacement u1,
– continuous shear stress T12 and
– driving potential φ = −φ0 ejωt.
2.2.4 Solution of the One-dimensional Model
Finally, the equations describing the lossy system of resonator and layers have
to be be solved in analogy to the approach for room temperature conditions
chosen in [55, 61, 62]. Thereby, the current I in x2 direction can be calculated
from the electrical displacement D2
I2 =
∂
∂t
∫
AR
D2 dA (2.19)
and converted in an electrical impedance of a ﬁnite resonator
Z˜ =
2φ
I2
(2.20)
whereas AR represents the area of the resonator. For this and the follow-
ing equations the tilde indicates an intermediate result which refers to the
area AR. In case of a single layer on each side of the resonator Z˜ yields
Z˜ =
dR
j ωAR εˆR
(
1− K
2
(
ζF1 + ζF2 + 2 tan
αR
2
)
αR (1− ζF1ζF2 + (ζF1 + ζF2) cotαR)
)
. (2.21)
Thereby, the abbreviations
K2 = eˆ2R/( εˆRcˆR)
for the electromechanical coupling coeﬃcient of the resonator material,
ζFn =
√
ρFn cˆFn/
√
ρRcˆR tan αFn
for the normalized acoustic load impedance,
αR = ωdR
√
ρR/cˆR
and
αFn = ωdFn
√
ρFn/cˆFn
for the acoustic phase shift inside the resonator and the ﬁlm, respec-
tively,
are used.
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Figure 2.3: Equivalent circuit corresponding to Eqs. 2.21 (a), 2.23, 2.24 (b) and
2.23, 2.25, 2.26 (c).
For the further discussion Z˜ is interpreted as a parallel arrangement of
the motional impedance ZM and static impedance Z˜S
5
1/Z˜ = 1/ZM + 1/Z˜S or Z˜ = ZM ‖ Z˜S (2.22)
with
ZM =
dR
j ωARεˆR
(
αR(1− ζ1ζ2 + (ζ1 + ζ2) cotαR)
K2
(
ζ1 + ζ2 + 2 tan
αR
2
) − 1) (2.23)
and
Z˜S =
dR
j ωARεˆR
. (2.24)
Z˜S represents the bulk properties of the resonator with respect to the area
AR. The fact becomes obvious by expanding the complex dielectric constant
εˆR leading to a parallel arrangement of the capacitance C˜S
C˜S = εR
AR
dR
(2.25)
and resistance R˜S
R˜S =
1
σR
dR
AR
(2.26)
The corresponding elements of the equivalent circuit are visualized in Fig-
ure 2.3.
2.2.5 Eﬀective Resonator Area
The modeling of a ﬁnite resonator device requires the introduction of the
area AR as done by Eq. 2.19. In the following the property is discussed in
detail.
The one-dimensional physical model describes a resonator of inﬁnite di-
mensions in the x1–x3 plane which results in a constant amplitude of mechan-
ical vibration u1 for a given value of x2. In contrast, ﬁnite and, in particular,
5The right side of Eq. 2.22 represents a short notation of the left side. In the following
the notation will be also applied to more than two parallel elements.
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Figure 2.4: Cross section of a circular TSM resonator and extent of the charac-
teristic areas AR and AE which lie in the x1–x3 plane.
partially electroded resonators exhibit a distribution of their amplitude in
the x1–x3 plane which can be approximated by a Gaussian function [63]
u1(x1) = u
max
1 e
−wx12. (2.27)
Thereby, w and umax1 stand for the width and the maximum of the distribu-
tion, respectively. As a consequence, the one-dimensional model is applicable
to ﬁnite devices provided that the problem of the conﬂictive amplitude dis-
tribution can be solved. For that purpose, the fundamental approach chosen
here is to replace the area showing the amplitude distribution by an eﬀective
area of constant amplitude. Within the one-dimensional model, the eﬀective
area corresponds to the already introduced property AR. Measured values of
AR are given in Section 4.2.2 and found to be substantially smaller than the
eﬀective electrode area AE as depicted in Fig. 2.4. The diﬀerence between
the areas can be explained qualitatively by comparing the distributions of the
mechanical amplitude and of the electrical ﬁeld which determine the eﬀective
values of AR and AE, respectively:
• The amplitude of the mechanical vibration at the border of the elec-
trode ub1 with respect to the maximum at the center of the electrode
umax1 is small, e.g. u
b
1/u
max
1 = 0.08 for typical TSM resonators [63]. The
amplitude distribution depends on the mass of the electrodes. Even
gold electrodes6 of only 25 nm lead to ub1/u
m
1 = 0.4 [64]. Therefore,
the average amplitude is always smaller than the maximum amplitude.
The fact can be described by an eﬀective area AR which is smaller than
the geometrical area of the electrode.
• The distribution of the electrical ﬁeld is largely homogenous. There is
a minor impact of fringing ﬁelds, only7. Consequently, AE corresponds
roughly to the geometrical electrode area.
6The situation is comparable to platinum electrodes applied here since their density is
similar.
7The eﬀective electrode area AE is 5–10 % larger than the geometrical electrode area
due to the fringing ﬁeld. Details are given in Appendix B.
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So far, the static impedance Z˜S refers to AR. Consequently, the property
does not reﬂect the eﬀective electrode area AE of ﬁnite resonators. The
required modiﬁcation can be achieved by replacing AR by AE in Eqs. 2.24–
2.26 leading to the static impedance ZS
ZS =
dR
j ωAE εˆR
(2.28)
with the capacitance CS
CS = εR
AE
dR
(2.29)
and the resistance RS
RS =
1
σR
dR
AE
. (2.30)
Thus, the impedance of the resonator device follows in analogy to Eq. 2.22
from
Z = ZM ‖ ZS = ZM ‖ CS ‖ RS (2.31)
and Eqs. 2.23 and 2.28–2.30. The corresponding equivalent circuit is visual-
ized in Fig. 2.5a.
For completeness, a lead resistance RL and a stray capacitance CL have to
be added. These elements reﬂect predominantly the properties of the sample
holder. The arrangement of RL and CL is chosen as shown in Fig. 2.5b and
results for the total impedance ZT of resonator and holder in
ZT = [(ZM ‖ CS ‖ RS) + RL] ‖ CL. (2.32)
Actual measurements are performed using a calibrated setup consisting of
network analyzer and sample holder. Therefore, RL and CS essentially
vanish. Nevertheless, these properties are kept in the equivalent circuit and
ﬁtted to the resonance spectra in order to detect potential electrode degra-
dation or other unexpected eﬀects.
In summary, the approach bases on a motional and a static part of the
impedance which are related to diﬀerent areas, namely the eﬀective resonator
area and the eﬀective electrode area. The distinction of these areas is not
necessarily required at or near room temperature where the resonators are
highly resistive. Under such circumstances
• The static resistance RS does not appear in common models and
• The part of the static capacitance which is related to the diﬀerence
AE −AR can be assigned to the stray capacitance CL.
Despite the inconsistency regarding the static capacitance, common models
describe the experimental results satisfactorily. However, problems arise as
soon as the static resistance and capacitance get changed due to e.g. high
operation temperatures (see also Appendix B.2).
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Figure 2.5: Equivalent circuit for the resonator (a) and the resonator including
lead resistance and stray capacitance (b).
2.2.6 Typical Layer Sequences
The motional impedance according to Eq. 2.23 can be simpliﬁed for some
typical layer sequences which are
• The bare resonator where ζF1 = ζF2 = 0 with
ZRM =
dR
j ωARεˆR
(
αR cot
αR
2
2K2
− 1
)
. (2.33)
The expression can be used to model the impact of the materials prop-
erties on the resonance properties.
• The resonator coated with identical ﬁlms where ζF1 = ζF2 = ζF with
ZEM =
dR
j ωARεˆR
(
αR (1− ζ2F + 2ζF cotαR)
2K2
(
ζF + tan
αR
2
) − 1) . (2.34)
The equation corresponds e.g. to a resonator coated with (identical)
electrodes and allows to determine the materials properties as described
in Section 4.2.2.
• The resonator coated with one ﬁlm where ζF1 = ζF and ζF2 = 0 with
ZSM =
dR
j ωARεˆR
(
αR (1 + ζF cotαR)
K2
(
ζF + 2 tan
αR
2
) − 1) . (2.35)
The ﬁlm can act as environmental dependent acoustic load. The device
represents a sensor where resonator and electrodes are regarded as unit
with an eﬀective thickness.
In summary, the modeling of the electrical impedance of TSM resonators
results in Eq. 2.32 with the static part according to Eqs. 2.29 and 2.30 and
the motional part according to Eq. 2.33, 2.34 or 2.35. These equations are the
initial point for the evaluation of the resonance properties of TSM resonators.
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2.3 Equivalent Circuit
Despite the availability of an analytical solution for the one-dimensional phys-
ical model it is advantageous to convert it into an equivalent circuit (EC).
First, the impact of environmental changes on the EC elements can be dis-
cussed. Thereby, the interpretation of the resonance spectra becomes easier
since numerous empirical approaches are described in textbooks. Secondly,
a reduced numerical eﬀort to evaluate data is expected which enables the
eﬃcient handling of large data volumes.
In part, the equivalent circuit for TSM resonators is already introduced
by the lumped elements representing the bulk properties and the resonator
holder as shown in Fig. 2.5b. However, the most crucial part, the motional
impedance ZM , is still unevaluated. Eqs. 2.33, 2.34 or 2.35 are hardly suited
to discuss the impact of the materials parameters on the resonance behav-
ior. Therefore, it is attempted to transform ZM into a serial and parallel
arrangement of contributions of the form
ZR = R, ZC = −j 1
ωC
or ZL = jωL. (2.36)
Real contributions to ZM are regarded as resistors R while imaginary con-
tributions are interpreted as capacitances C or inductances L depending on
the position of the adjacent angular frequency ω in the equation.
As an initial step resonator and ﬁlm are regarded separately according to
ZM = Z
R
M + Z
F
M . (2.37)
Thereby, ZRM represents the unperturbed resonator while Z
F
M reﬂects the
acoustic load of the ﬁlm.
2.3.1 Motional Resonator Impedance
The evaluation of the experimental results using the expression for the one-
dimensional physical model performed in Section 4.1.3 conﬁrms that the
imaginary part of the piezoelectric constant 
 vanishes. This enables to sim-
plify the following transformation of the motional resonator impedance ZRM
into an equivalent circuit by setting this parameter to zero. The expansion
of Eq. 2.33 for the remaining parameters results in
ZRM =
jdR
2ARe2R
(
2e2R
(ωεR − jσR) − dR
√
ρR
(
ωe2R
ωεR − jσR + c66 + jωηR
)
× cot
(
ωdR
2
√
ρR
ωe2R/(ωεR − jσR) + c66 + jωηR
))
.
(2.38)
The equation is exact within the one-dimensional model but not suited for
further discussions.
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Simpliﬁcations can be applied to the cot-function provided that the acous-
tic phase shift in the resonator αR is close to odd multiples of π. The con-
dition is fulﬁlled for small acoustic loads, i.e. for small derivations of the
unperturbed resonance frequency. The condition corresponds to αR ≈ Nπ
with N as the harmonic number. Under such conditions the argument of the
cot-function can be approximated by [65]
cot
(αR
2
)
≈ N
2π2 − α2R
4αR
. (2.39)
The simpliﬁcation yields two advantages, the separation of the real and imag-
inary part of ZRM and the explicit introduction of the harmonic number.
At ﬁrst, the real part RM = Re(Z
R
M)
RM =
N2π2dR
8AReR2
ηR︸ ︷︷ ︸
Rη
+
(N2π2 − 8) dRσR
8AR (εR2ω2 + σR2)︸ ︷︷ ︸
Rσ
(2.40)
is discussed. It represents losses and can be interpreted as series of Rη and
Rσ. The property therein expected to exhibit the strongest temperature de-
pendence is used as index, respectively. The limits of Rσ for σ → 0 and
σ → ∞ vanish. The maximum in between is found at the so-called dielec-
tric relaxation frequency ωε = σR/εR. The situation can be illustrated by
expressing Rσ as parallel connection Rσ = Rσ+ ‖ Rσ− with
Rσ+ =
(N2π2 − 8) dR
8ARεR2ω2
σR (2.41)
and
Rσ− =
(N2π2 − 8) dR
8AR
1
σR
. (2.42)
Thereby, Rσ+ increases and Rσ− decreases with increasing conductivity or
temperature. The resistors are part of the equivalent circuit as visualized in
Fig. 2.6.
Secondly, the imaginary part of the motional resonator impedance is dis-
cussed. From Eqs. 2.38 and 2.39 XM = Im(Z
R
M) follows with
XM = − 1
ω
N2π2dR
8ARe2R
c66︸ ︷︷ ︸
1/Cc
+ω
d3R
8ARe2R
ρR︸ ︷︷ ︸
Lρ
+
ω (8−N2π2) dRεR
8AR (ε2Rω
2 + σ2R)︸ ︷︷ ︸
Xσ
. (2.43)
The expression can be interpreted as series of three elements. The capacitive
element Xc = −1/(ωCc) as well as the inductive element Xρ = ωLρ show a
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Figure 2.6: Equivalent circuit of the motional resonator impedance ZRM .
low temperature dependence with respect to terms containing σR. Therefore,
the properties which reﬂects their predominant physical meaning, i.e. the
mechanical stiﬀness c66 and the density ρR, are chosen as index. The third
term Xσ includes σR which causes a strong temperature dependence. In
order to express the equivalent circuit entirely by lumped elements, Xσ is
regarded as a parallel connection Xσ = Lσ ‖ Cε of a capacitance
Cε =
8ARεR
(N2π2 − 8) dR (2.44)
and an inductance
Lσ = −(N
2π2 − 8) dRεR
8AR
1
σ2R
. (2.45)
The capacitance corresponds, except for a constant, to the static capacitance
CS and is, therefore, denoted by the index ε. The term shows a weak tem-
perature dependence. In contrast, the inductance depends strongly on the
temperature due to the included conductivity. The arrangement of these el-
ements in the equivalent circuit is shown in Fig. 2.6.
Further, the impact of the resonator parameters on the series resonance
frequency fS is of major interest. The latter property can be determined
using Eq. 2.43 with
XM(fS) = 0. (2.46)
The equation yields four solutions for fS whereas only two of them are real.
The positive real solution
fS =
1√
8ρR πεRdR
(
−8εReR2 − dR2ρRσR2 + N2π2εR
(
eR
2 + c66εR
)
+
√
4N2π2c66dR
2εR2ρRσR2+
(
8εReR2+dR
2ρRσR2−N2π2εR (eR2+c66εR)
)2)1/2
(2.47)
is suited to calculate fS. The expression contains the electrical conductivity
due to the coupling of electrical and mechanical properties as seen e.g. in
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Figure 2.7: Equivalent circuit derived from the physical model (a) and extended
Butterworth-van Dyke equivalent circuit (b).
Eq. 2.11. The fact leads, most remarkably, to an impact of the conductivity
on the series resonance frequency. Contrary, the viscosity does not impact
the resonance frequency which fulﬁlls the expectations.
2.3.2 Motional Film Impedance
In analogy to the approach for the motional resonator impedance, it is at-
tempted to convert the motional ﬁlm impedance ZFM into lumped electrical
elements. Thereby, a special case, the resonator coated with a single ﬁlm ac-
cording to Eq. 2.35 is chosen. Hence, ZFM follows from the diﬀerence Z
S
M−ZRM
and results in
ZFM =
jαRdR
2ωARK2eR
(
cot
(
αR
2
)
+ 2
√
cRρR
cF ρF
cot(αF )
) . (2.48)
The separation of ZFM and Z
R
M is illustrated in Fig. 2.7a. Further, the ap-
proximations
• For cot(αR
2
) according to Eq. 2.39 and
• cot(αF ) ≈ 1αF for αF  1 which corresponds to small phase shifts in
the ﬁlm
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are applied and result in
ZFM =
2jdR
ωARK2eR
(
π2N2
α2R
+ 8
αRαF
√
cRρR
cF ρF
− 1
) . (2.49)
The equation can be expanded by the complex properties K2, αR, αF , cR
and cF and separated into real and imaginary parts. However, the result is
lengthy and not suited either for discussion or transformation into lumped
electrical elements. Consequently, the motional ﬁlm impedance should be
handled based on Eq. 2.48.
2.3.3 Butterworth-van Dyke Equivalent Circuit
The equivalent circuit derived here can be used to discuss the impact of
the physical properties on the resonance behavior at elevated temperatures.
However, the evaluation of experimental results by e.g. ﬁtting the resonance
spectra Z(f) with the equivalent circuit is hardly practical due to the large
number of lumped elements and their simultaneous dependence from several
physical parameters. For example, Rη is governed by ηR and eR.
Equivalent circuits known for room temperature operation of resonators
are relatively simple and suited for routine data evaluation. They are highly
attractive to describe the operation of resonators at elevated temperatures
provided that minor modiﬁcations of their structure and reassignments of
their lumped elements to the physical properties lead to reasonable approx-
imations.
The Butterworth-van Dyke equivalent circuit (BvD EC) is well known
for piezoelectric resonators operated at room temperature [66, 67]. Here, the
motional impedance consists of a series of three elements, namely the resistor
RM , the capacitance CM and the inductance LM . The static impedance is
simply the capacitance CS. In order to account for high-temperature eﬀects,
the most obvious extension of the BvD EC is the introduction of a bulk
resistance RS which reﬂects the ﬁnite conductivity of the resonator material
in analogy to Eq. 2.30. Fig. 2.7b shows the extended BvD EC.
The comparison of the extended BvD EC with the equivalent circuit
derived from the physical model as visualized in Fig. 2.7a exhibits some
similarities. First of all, the static parts of the impedance are identical.
Further, the real part of the motional resonator impedance can be calculated
from the arrangement of Rη, Rσ+ and Rσ− and corresponds to RM according
to Eq. 2.40. Consequently, the extended BvD EC includes losses without
further approximations with respect to the equivalent circuit derived from
the physical model.
In contrast, the imaginary part of the motional resonator impedance rep-
resented by Cc, Lρ, Cε and Lσ cannot be transformed into elements of the
BvD EC. Approximations are required to express them as series of CM and
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LM . The parallel arrangement Xσ = Lσ ‖ Cε as given by Eq. 2.43 can be
simpliﬁed provided that σR meets limiting conditions. Thereby, the proper-
ties related to low and high temperatures are indexed by additional minus
and plus signs, respectively.
• Low temperature: σR  εR ω.
Xσ becomes capacitive with
Xσ− ≈ − 1
ω
1
Cσ−
and Cσ− =
8AR
dR
εR
(N2π2 − 8) . (2.50)
Under such circumstances the series connection of Cc and Cσ− can be
transformed into a single capacitance. Consequently, the expressions
CM− =
1
1/Cc+ 1/Cσ−
=
8AR
dR
e2RεR
N2π2 (e2R + c66εR)− 8e2R
. (2.51)
and
LM− = Lρ =
dR
8AR
d2RρR
e2R
(2.52)
connect the parameters of both equivalent circuits and of the physical
model. The latter equations do not contain σR, i.e. the low temperature
approximation is not aﬀected by the conductivity.
• High Temperature: σR  εR ω.
Xσ becomes inductive with
Xσ+ = ω Lσ+ and Lσ+ =
dR
8AR
(8−N2π2) εR
σ2R
. (2.53)
Thus, the equivalent circuits and the physical model are related by
CM+ = Cc =
8AR
dR
e2R
N2π2
1
c66
(2.54)
and
LM+ = Lρ+Lσ+ =
dR
8AR
(8−N2π2) εRe2R/σ2R + d2RρR
e2R
. (2.55)
Consequently, the extended BvD EC describes the resonance spectra properly
as long as the approximations apply. For
σR ≈ εR ω, (2.56)
however, the structure of the extended BvD EC is incorrect. In this case,
the physical model should be applied despite the extensive numeric eﬀort.
The applicability of the approximations is discussed in more detail in Sec-
tions 3.2.3 and 4.2.3.
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The physical model and the corresponding equivalent circuit consider
the eﬀect of additional ﬁlms in form of the motional ﬁlm impedance ZFM .
Thus, the extended BvD EC is applicable without further approximation
provided that the sum ZRM +Z
F
M can be transformed into a series of resistor,
capacitance and inductance. Since the motional ﬁlm impedance is obviously
not convertible into lumped elements, the desired transformation cannot be
performed. Approximations for small acoustic loads lead to slightly modiﬁed
BvD parameters and keep the structure of the EC unchanged. Therefore,
the BvD approach remains applicable for small acoustic loads.
The subsequent discussion in this section is focussed on the determination
of the materials parameters of the resonators. Therefore, additional ﬁlms are
not required. i.e. ZFM can be set to zero and the BvD parameters as derived
above describe the situation. The electrodes are regarded as inﬁnite thin
sheets.
2.3.4 Materials Constants
So far, the electrical elements of the extended BvD EC are expressed as func-
tion of the materials properties and dimensions of the resonators. However,
the determination of the materials properties by ﬁtting the elements of the
BvD EC to the resonance spectra requires their subsequent transformation
into the materials properties. Consequently, the materials properties must
be expressed as function of the BvD parameters.
In order to proceed further, the resonator properties accessible by this
approach have to be identiﬁed:
• The geometrical parameters dR, AR and the density ρR have to be
determined by methods as described in Section 4.1.3.
• In general, σR cannot be extracted accurately from the resonance spec-
tra. For the langasite resonator devices used here, high resistances
occurring below about 700◦C prevent the determination of σR. Com-
plementary impedance measurements at low frequencies have to be
performed. The second bulk parameter εR is accessible by such mea-
surements, too.
• The motional physical properties ηR, c66 and eR remain to be calculated
from RM , CM and LM . The latter parameters can be determined by
ﬁtting the extended BvD EC to the resonance spectra.
In order to calculate ηR, c66 and eR from RM , CM and LM Eqs. 2.40, 2.51 and
2.52 or 2.40, 2.54 and 2.55 for the low or high-temperature approximation,
respectively, have to be solved. The result
ηR− =
d2RρR
N2π2
(
dR
8AR
(8−N2π2)σR
(ε2Rω
2 + σ2R)
1
LM−
+
RM
LM−
)
, (2.57)
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c66− =
d2RρR
N2π2
(
dR
8AR
(8−N2π2)
εR
1
LM−
+
1
CM−LM−
)
(2.58)
and
eR− =
√
d3RρR
8ARLM−
(2.59)
is obtained directly from the equations mentioned above for low tempera-
tures. The corresponding equations for high temperatures can obviously not
solved. However, if RM is simpliﬁed for σR  εRω
RM+ =
dR
8AR
(
N2π2 − 8
σR
+
ηRN
2π2
e2R
)
(2.60)
the solution
ηR+ =
d2RρR
N2π2
(8−N2π2) dR/σR + 8ARRM+
8ARLM+ + (N2π2 − 8) dRεR/σ2R
, (2.61)
c66+ =
d2RρR
N2π2
1
(N2π2 − 8) / (8AR) dRεR/σ2R CM+ + LM+CM+
(2.62)
and
eR+ =
√
d3RρR
8ARLM+ + (N2π2 − 8) dRεR/σ2R
. (2.63)
is received.
2.4 Resonator Quality Factor
Resonators are commonly evaluated by the quality factor Q (Q-factor) which
is deﬁned by the ratio of stored ES and dissipated energy ED multiplied by
2π.
Q = 2π
ES
ED
(2.64)
The property reﬂects the loss and is determinable in diﬀerent ways such as
• Dissipation factor,
• Equivalent circuit and
• Bandwidth
approach.
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2.4.1 Dissipation Factor Approach
The dissipation factor δ is the most fundamental expression for losses. Its
tangent is given by the ratio of imaginary and real part of complex quan-
tities. The resonator quality factor Q is closely related according to δ = Q−1.
For the mechanical loss follows immediately
Qc
−1 = δc = arctan
cR
′′
cR′
. (2.65)
The separation of the real and imaginary part of the piezoelectrically stiﬀened
shear modulus cˆR = c66 + e
2
R/εR + jωηR yields
δc = arctan
2ω2εR
R eR + ω
3ε2RηR + ωσR (ηRσR + e
2
R − 
2R)
ω2εR (e2R − 
2R)− 2ωeR
R σR + c66 (ω2ε2R + σ2R)
. (2.66)
The contributions of the loss related parameters ηR, σR and 
R can be dis-
cussed separately by setting only one of them to non-zero values. For the
viscosity follows
Qc,η
−1 = δc,η = arctan
ωεRηR
e2R + c66εR
. (2.67)
Introducing the dielectric relaxation frequency ωε = σR/εR the conduc-
tivity related contribution becomes
Qc,σ
−1= δc,σ = arctan
eR
2ωε/ω
eR2 + cRεR(1 + ωε2/ω2)
≈ arctan eR
2ωε/ω
cRεR(1 + ωε2/ω2)
.
(2.68)
The second line of Eq. 2.68 follows from eR
2  cRεR which is fulﬁlled for the
materials of interest and indicates a maximum of the conductivity related
mechanical loss at ωε = ω. Beyond that maximum, increasing conductivities
(i.e. increasing temperatures) lead to decreasing conductivity related losses.
The fact is highly remarkable since a decreasing total loss can be expected
with increasing temperature if that contribution dominates.
Finally, the loss related to the imaginary part of the piezoelectric constant
results in
Qe
−1= δc,e = arctan
2
ReR
eR2 − 
2 + c66ε. (2.69)
According to the experimental results presented in Section 4.1.3 the imagi-
nary part of the piezoelectric constant 
R is found to be zero. Therefore, Qc,η
and Qc,σ are the terms if interest, only.
The dissipation factor approach requires the knowledge of the materials
properties which prevents its practical applicability in many cases. Therefore,
alternative descriptions of the loss are presented. So far, electrical losses
caused by the ﬁnite bulk conductivity of the resonator materials are not
regarded. However, the following approaches include this property.
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2.4.2 Equivalent Circuit Approach
For the conventional BvD EC, i.e. the circuit without the resistor RS in the
static arm, the energy terms
ES =
I2MLM
2
and ED = 2π
√
LMCM
I2MRM
2
(2.70)
can be expressed using the parameters of the motional arm and the corre-
sponding current IM [68] which results in the Q-factor
Q0 =
√
LM
CM
1
RM
. (2.71)
The recalculation for the extended BvD EC includes additional losses due to
the ﬁnite bulk resistance RS according to
ED = 2π
√
CMLM
I2MRM
2
+ RSI
2
S. (2.72)
Thereby, IS denotes the current through the static arm. With
IMRM = ISRS (2.73)
follows
Q =
1√
LMCM
LMI
2
M
RMI2M + RSI
2
S
=
√
LM
CM
1
RM
RS
RS + RM
=Q0
RS
RS + RM
.
(2.74)
Eq. 2.74 can be applied to calculate Q as long as the approximations for the
parameters of the extended BvD EC are valid.
2.4.3 Bandwidth Approach
The Q-factor follows from the bandwidth ∆fS at half maximum of the con-
ductance peak Gmax/2 and the series resonance frequency fS according to
[47, 69]
Q =
fS
∆fS
. (2.75)
The expression is highly attractive because of its model independence. If a
Lorentz function
G =
2A
π
∆f ′S
4 (f − fS)2 + ∆f ′S2
(2.76)
is ﬁtted to the data, the width of G squared ∆fS ≈ 0.64∆f ′S can be used to
calculate Q. The parameter A reﬂects the area under the curve is not used
in this context.
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Figure 2.8: Schematic conductivity of a resonator in the vicinity of the resonance
frequency and indication of the bandwidth ∆fS. The parameter represents the
temperature [◦C].
However, the approach is derived for low temperatures where the con-
ductance G of the resonator vanishes except for frequencies in the vicinity
of the resonance frequency. Fig. 2.8a illustrates the fact which is even valid
at 500◦C8. Under such circumstances ∆fS can be determined accurately.
With increasing temperature ∆fS at Gmax/2 becomes meaningless or in-
determinable as visualized in Fig. 2.8a for 1000 and 1400◦C, respectively.
Consequently, the bandwidth approach must be modiﬁed to evaluate losses
at high temperatures.
If a resonator is operated at its resonance frequency fS, the imaginary part
of the impedance vanishes. For the extended BvD EC as shown in Fig. 2.7b,
the impedance becomes Rmin = RS ||RM . The expression is equivalent to
Gmax = GS +GM . The situation corresponds to the conventional BvD EC if
GS is ignored. Therefore, the bandwidth approach can be applied provided
that the baseline of the conductance spectra is moved to GS as indicated by
the heavy dashed line in Fig. 2.8b. Consequently, ∆fS must be determined
at GS + GM/2. The resulting resonator quality factor corresponds to Q0 in
Eq. 2.71. In order to calculate Q using Eq. 2.74, the resistors RS and RM
remain to be extracted from the conductance plot. Thereby, RS corresponds
to the baseline of the conductance spectra with RS = 1/GS. RM follows
from RM = 1/(Gmax −GS). Finally, the Q-factor yields
Q = Q0
Gmax −GS
Gmax
=
fS
∆fS
Gmax −GS
Gmax
. (2.77)
The properties on the right hand side of Eq. 2.77 can be extracted easily
from the spectrum G(f) provided that a Lorentz function with the oﬀset GS
is ﬁtted.
The approach is advantageous since the motional parameters CM and LM
8The calculation is done using the standard data set for langasite resonators. Details
are given in Appendix A.
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of the BvD EC do not have to be known. The parallel arrangement of RS
and RM is the only condition which is, however, undoubtedly valid.
As for the dissipation factor approach, the contributions of the loss related
parameters ηR, σR and 
R can be separated by setting only one of them to
non-zero values.
2.5 Limitations of the Models
The one-dimensional physical model describes the shear vibration of inﬁnite
piezoelectric plates exactly. In particular, any acoustic load is reﬂected by
the model. However, ﬁnite resonators requires the introduction of an eﬀec-
tive area of the mechanical vibration. The approximation is believed to be
valid for simple geometries of the resonator device and conﬁrmed for circular
resonators and electrodes by the experimental results presented in Chapter 4.
Inhomogeneities of the materials, spurious resonances or the energy trapping
cannot be regarded by the current approach.
So far, continuum-mechanical phenomena are described which does not
give any atomistic insight about transport processes or loss mechanisms in
the resonator or ﬁlm materials. However, the description of the resonator
devices is the base for the extraction of accurate materials data which help
to create microscopic models as presented in Part II.
The expressions introduced here include at most one layer on each side
of the resonator. The corresponding layer sequences as given by Eqs. 2.33–
2.35 reﬂect situations of practical relevance and are suited to describe the
experimental results of this work. For example, the determination of the ma-
terials properties of the resonators incorporates the impact of the electrodes
using the appropriate layer sequence. Additional layers which would reﬂect
the viscous damping due to surrounding gases are ignored. The approxima-
tion is justiﬁed by the dominating intrinsic loss of the resonator materials at
elevated temperatures.
It should be noted that multilayer systems does not require new physical
approaches. A Transfer matrix can be used to describe such situations [70].
Equivalent circuits simplify the handling and interpretation of the reso-
nance spectra at the expense of further approximations. In particular, the
model is restricted to small acoustic loads.
Chapter 3
Parameter Study
Crucial physical properties with respect to high-temperature operation of the
resonators must be identiﬁed. For that purpose, the impact of the physical
properties on the resonance frequency and the resonator quality factor is
calculated.
The materials data used for the following parameter study correspond
to some extend to those of langasite. They are extrapolated to 1400◦C in
order to extend the calculations to extremely high temperatures which are
not experimentally accessible because of the limited stability of the thin ﬁlm
electrodes applied here. Further, single activation energies for the conductiv-
ity σR and the viscosity ηR are assumed. For comparison, room temperature
data of GaPO4 and quartz are included. Finally, dimensions of standard res-
onators according to Appendix A are used. The details about the materials
data used here are summarized in Appendix A.
3.1 One-dimensional Physical Model
3.1.1 Features of the Resonance Spectra
Resonance spectra in form of the impedance modulus |Z(f)| and the phase
angle ϕ(f) are calculated from Eq. 2.32. Thereby, room temperature data of
the 5 MHz standard langasite resonator are used. The resonance frequency
and and the antiresonance frequency are clearly visible in Fig. 3.1 by the
minimum f(|Z|min) and maximum f(|Z|max) of the impedance modulus, re-
spectively. The series resonance frequency fS is found at the maximum of the
conductance fS = f(Gmax) and close to the resonance frequency. A similar
statement holds true for the parallel resonance frequency fP which is located
at the maximum of the resistance fP = f(Rmax). Its value is close to the
antiresonance frequency. Further, the phase ϕ vanishes at fS and fP which
corresponds to a vanishing imaginary part of Z.
The damping of the vibrations is fairly low at room temperature. The fact
becomes obvious by very pointed peaks of |Z(f)| and the nearly rectangular
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Figure 3.1: Impedance modulus |Z| and phase angle ϕ calculated based on the
one-dimensional physical model.
ϕ(f) characteristics with a very steep slope at the two zero phase frequencies.
Further, the minimum value of |Z|min is an approximate measure of the loss,
i.e. small values reﬂect low losses.
The general temperature dependence of the resonance behavior can be
visualized from the spectra themselves. The resonance shifts to lower fre-
quencies with increasing temperature as shown in Fig. 3.2 and 3.3 for langa-
site. At elevated temperatures, i.e. at 1000 and 1400◦C, high damping leads
less pronounced, ﬂatter peaks in |Z(f)|min and to a rounder shape of ϕ(f).
The anti-resonance peak vanishes which is a highly remarkable feature.
As shown in the next section the series resonance frequency fS is indepen-
dent of the stray capacitance and, therefore, generally preferred for frequency
determination. This advantage justiﬁes the closer inspection of the conduc-
tance G since it is used to determine fS. In addition, G is a nearly symmetric
function with respect to fS and can be described by e.g. a Lorentz function
[69, 71]. Consequently, routine data evaluation can be performed model in-
dependent using G. Fig. 3.4 shows the conductance of the data sets already
used for Figs. 3.2 and 3.3. As for the impedance modulus the peak becomes
broadened with increasing temperature. Nevertheless, the series resonance
frequency remains clearly observable up to 1400◦C for the spectra calculated
from the one-dimensional physical model.
3.1.2 Series Resonance Frequency
The frequency of resonators is their key operation characteristics. If such
devices are regarded as sensor platform, environmental independent opera-
tion is required. However, the materials properties included in the physical
3.1. ONE-DIMENSIONAL PHYSICAL MODEL 39
Figure 3.2: Impedance modulus of the standard langasite resonator calculated
for diﬀerent temperatures.
Figure 3.3: Phase shift of the standard langasite resonator calculated for diﬀerent
temperatures.
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Figure 3.4: Conductance of the standard langasite resonator calculated for dif-
ferent temperatures.
model exhibit, in general, a dependence from the environmental conditions
and may cause a frequency shift. The same holds true for the resonator
holder capacitance and the electrode diameter1. Consequently, parameters
which are potentially responsible for large frequency shifts have to be iden-
tiﬁed and investigated in detail. This section is the initial point where the
impact of these parameters on the series resonance frequency fS is calcu-
lated systematically. For completeness, the eﬀect of ﬁlms is considered in the
same fashion. Here, large frequency shifts points to ﬁlm properties which are
attractive for sensor purposes.
The following part of the parameter study is carried out for the 5 MHz
standard resonator wearing identical ﬁlms on both sides of 1 µm thickness.
The stiﬀness and density of the ﬁlms correspond to those of titania as given
in Appendix A.
The parameter study bases on Eq. 2.34 which is used to calculate spectra
G(f) and R(f). The series resonance frequency fS and the parallel resonance
frequency fP are obtained with a numerical accuracy of 10
−6 Hz from the
respective maximum. Further, the derivatives of these frequencies ∂f/∂ [..]
for all parameters [..] being included in the physical model2 are calculated and
multiplied by [..]/f . The approach results in relative values of the derivatives
κ[..]
κ[..] =
[..]
f
∂f
∂[..]
=
[..]
f
∆f
∆[..]
(3.1)
1Additional ﬁlms showing environmental dependent conductivities may alter the elec-
trode diameter.
2The parameters are dR, AR, AE , c66, ηR, R, σR, ρR, dF , cF , ηF , ρF , CLandRL.
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which enables their comparison. The right hand side of Eq. 3.1 is written
using small diﬀerences in order to relate relative changes of the frequency to
that of the parameters [..] by κ[..]
∆f
f
= κ[..]
∆[..]
[..]
. (3.2)
The meaning of Eq. 3.2 becomes obvious taking the thickness of the resonator
as example, i.e. [..] = dR. Its change ∆dR can be related to a mass change
∆m by ∆dR/dR = ∆m/m which results in
∆f
f
= κdR
∆m
m
. (3.3)
Since the subsequent numerical calculation yields κdR = −1, the example
corresponds to the Sauerbrey equation [64]
∆f
f
= − ∆m
m
(3.4)
which is the ﬁrst order approach to relate relative changes in mass and fre-
quency. In summary, Eq. 3.2 can be regarded as a kind of generalized Sauer-
brey equation for the corresponding physical property or dimension of the
resonator.
Fig. 3.5 shows values for κ[..] calculated from the series resonance fre-
quency fS. The signs of the changes are indicated in the plot. This calcu-
lation is performed for langasite, GaPO4 and quartz at room temperature.
Obviously, these piezoelectric materials exhibit a similar behavior. The im-
pact of the resonator properties on the series resonance frequency can be
summarized as follows:
• Changes in thickness dR, shear modulus c66 and density ρR inﬂuence
fS predominantly.
• The piezoelectric coeﬃcient eR and the dielectric constant εR show a
little impact, only.
• The eﬀective resonator area AR, the eﬀective electrode area AE, the
viscosity ηR and the conductivity σR do not aﬀect fS at room temper-
ature.
The inﬂuence of the ﬁlm properties on the piezoelectric resonators made of
diﬀerent materials is also similar.
• Changes in thickness dF and density ρF dominate.
• The shear modulus cF and the viscosity ηF does not aﬀect fS under
the conditions chosen here.
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Figure 3.5: Relative derivatives of the series resonance frequency for the parame-
ters of the resonator device calculated for diﬀerent materials at room temperature.
Finally, it should be noted that the stray capacitance CL and the lead resis-
tance RL have no impact on fS. Since the piezoelectric materials behave in
a similar fashion, the calculation is continued using the standard materials
parameters of langasite.
The situation changes for some parameters if the parallel resonance fre-
quency fP is regarded. As visualized in Fig. 3.6, AR, AE and especially CL
inﬂuence that frequency. The values for fS are given for comparison purposes
and correspond to those in Fig 3.5 for langasite. Some sensor applications
may take advantage of the electrode area dependent parallel resonance fre-
quency [72] while the impact of the stray capacitance generally disturbs the
frequency determination. Therefore, fP is seen as hardly useful resonance
property.
The most important issue in the context of this work concerns the relative
frequency shift at elevated temperatures. Thereby, special attention has to
be drawn to loss related properties, i.e. ηR and σR. Fig. 3.7 shows remarkable
features for changes in fS at 500 and 1000
◦C:
• The impact of the conductivity σR becomes pronounced at 1000
◦C.
• The sign of the relative deviation of εR changes going from 500 to
1000◦C.
• The eﬀect of the ﬁlm properties remains almost unchanged.
So far, relative derivatives of the frequency are calculated and compared.
If the focus is drawn exclusively on the resonator, dR, c66 and ρR cause the
strongest impact. In order to identify the dominant parameters for absolute
frequency changes according to ∆[..]∂fS/∂[..], the magnitude of environmen-
3.1. ONE-DIMENSIONAL PHYSICAL MODEL 43
Figure 3.6: Relative derivatives of the series and parallel resonance frequency for
the parameters of the resonator device calculated for langasite at room tempera-
ture.
Figure 3.7: Relative derivatives of the series resonance frequency for the param-
eters of the resonator device calculated for langasite at diﬀerent temperatures.
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tally dependent variations of the corresponding parameter ∆[..] must be con-
sidered. Thereby, the temperature is expected to cause the strongest impact.
Since the conductivity σR and the viscosity ηR are commonly thermally ac-
tivated, they might be subject to changes by several orders in magnitude.
In contrast, the parameters dR, c66 and ρR are expected to show a relatively
weak temperature dependence. The conclusion is that changes in σR po-
tentially govern the resonance frequency even if its relative derivative κσ is
smaller than that for dR, c66 and ρR.
In summary, dR, c66, ρR and σR are identiﬁed as the most relevant prop-
erties for stable, i.e. environmental independent, operation of resonators at
its series resonance frequency at elevated temperatures. Consequently, the
dependence of these parameters from the environmental conditions must be
studied in detail.
3.1.3 Resonator Quality Factor
Further, the impact of the materials parameters on the resonator quality
factor is of particular interest. Conductance spectra according to Eq. 2.33
are evaluated to get QBW . Its derivatives ∂Q/∂ [..] for the parameters [..] are
calculated and multiplied by [..]/Q to get ν[..]
ν[..] =
[..]
Q
∂Q
∂ [..]
=
[..]
f
∆f
∆ [..]
. (3.5)
which allows to relate relative changes
∆Q
Q
= ν[..]
∆ [..]
[..]
. (3.6)
The numerical approach corresponds to that for fS and fP in Section 3.1.2.
Fig. 3.8 shows the result of the calculation for langasite, GaPO4 and
quartz at room temperature. The sign of the changes is indicated in the
plot. The most obvious result is the dominance of dR, c66, ηR, eR and ρR. In
contrast, AR, AE , εR and σR do not inﬂuence Q.
The behavior at high temperatures is calculated taking langasite as ex-
ample. The most remarkable result is the increased impact of AR, AE , eR,
εR and σR at 1000
◦C as seen in Fig. 3.9.
The comparison of νη and νσ with the other dominant parameters shows
diﬀerences smaller than one order of magnitude, only. The fact must be
discussed in concert with the expected changes in the corresponding param-
eters. Again, dR, c66, eR and ρR undergo relatively small changes in a wide
temperature range. On the other hand, ηR and σR exhibit changes of some
orders in magnitude. Therefore, the latter parameters are expected to aﬀect
Q predominantly. The result meets the expectations since ηR and σR are
introduced to reﬂect losses.
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Figure 3.8: Relative derivatives of the resonator quality factor for the parame-
ters of the resonator device calculated for 5 MHz standard resonators of diﬀerent
materials at room temperature.
Figure 3.9: Relative derivatives of the resonator quality factor for the parame-
ters of the resonator device calculated for 5 MHz standard langasite resonator at
diﬀerent temperatures.
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3.2 Equivalent Circuit Model
3.2.1 Temperature Dependence of the Parameters
The following part of the parameter study is exclusively focussed on the
impact of the temperature dependent conductivity and viscosity on the el-
ements of the equivalent circuit visualized in Fig. 2.7a. For that purpose,
the idealized temperature dependencies of both properties showing a single
activation energy are used. The remaining parameters AE , AR, dR, eR, c66
and εB are regarded as temperature independent and set to the values of the
standard langasite resonators at room temperature.
The temperature dependent values of the real elements of the motional
arm Rη and Rσ (or Rσ+ and Rσ−) for an 1 MHz resonator operated in the
fundamental mode, i.e. for N = 1, are shown in Fig. 3.10. Rσ+ increases while
Rσ− decreases with temperature which leads to a maximum of Rσ. The fact
is highly remarkable since the expression implies decreasing losses with in-
creasing temperature above a certain temperature. However, the statement
must be seen in the context of the entire equivalent circuit. Other properties
may overwhelm the decreasing values of Rσ. Further, Fig. 3.10 shows the
temperature dependence of the overall motional resistance RM . For the ma-
terials data and resonator dimensions chosen here the following statements
can be derived:
• RM is dominated by the viscosity in the low and high temperature
range while the conductivity governs the intermediate temperature
range. The peak slightly above 700◦C indicates the center of the latter
range. Its position is deﬁned by the dielectric relaxation frequency with
1 MHz×2π = ωε(719◦C).
• In the intermediate temperature range RM and, thereby, the loss can
be lowered by decreasing the conductivity σR.
• The temperature dependence of RM does not reﬂect the activation
energy of a single property such as σR or ηR.
Fig. 3.11 shows the impact of the resonance frequency on RM , Rσ and
Rη. Two crucial facts can be derived:
• The maximum of Rσ shifts with increasing frequency to higher tem-
peratures. Again, its position is deﬁned by the dielectric relaxation
frequency. This shift applies also for RM as long as Rσ impacts RM
signiﬁcantly.
• The contribution of Rσ to RM decreases with increasing frequency.
Above about 25 MHz Rσ plays an insigniﬁcant role.
The overall resistance of the resonator R can be calculated according to
R = RS ‖ RM if the resonator is operated at its series resonance fS. Under
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Figure 3.10: Temperature dependent values of the resistors of the motional arm
for an 1 MHz standard resonator operated in the fundamental mode.
Figure 3.11: Temperature dependent values of RM , Rσ and Rη for 1, 5 and
25 MHz resonators operated in the fundamental mode.
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Figure 3.12: Temperature dependent overall resistance R and viscosity related
resistance Rη for standard resonators of diﬀerent frequencies. In addition, the
resistance of the static RS and motional arm RM are given for the 1 MHz resonator.
such circumstances the imaginary part of ZM vanishes. Fig. 3.12 shows
exemplarily the corresponding curves for fS = 1 MHz. Further, the overall
resistance R and the viscosity related resistor Rη are compared in Fig. 3.12
for fS = 1, 5 and 25 MHz. The following conclusions concerning the impact
of RS and Rη can be drawn:
• The static resistance RS inﬂuences the overall resistance R at high
temperatures, only.
• The overall resistance decreases with increasing frequency. The fact
must be related to the decreased thickness of the resonators at high
frequencies and is not necessarily an indication for decreased losses.
Since the static resistance does not change the overall resistance fundamen-
tally, the statements about RM from above remain true for R.
Furthermore, the impact of the overtone number N is calculated and
shown in Fig. 3.13. The plot indicates a clear increase in the overall resistance
R and a shift of its maximum to lower temperatures with increasing N . The
diﬀerence between the fundamental mode (N = 1) and the 1st overtone
(N = 3) is much bigger than the diﬀerences between higher overtones.
The temperature dependent values of the imaginary elements of the mo-
tional arm Xc, Xρ and Xσ can be discussed by setting the series resonance
frequency of the standard langasite resonator to fS = 5 MHz. Fig. 3.14
shows Xσ as function of temperature under that condition. Xσ undergoes
changes around 700◦C. Below about 600◦C, εR ω dominates with respect to
3.2. EQUIVALENT CIRCUIT MODEL 49
Figure 3.13: Temperature dependent overall resistance for a 5 MHz standard
langasite resonator operated at diﬀerent overtones.
σR. Consequently, Xσ is nearly constant. Above about 800
◦C, σR is domi-
nant and Xσ approaches zero. These conclusions also follow from Eq. 2.43
where the limits of Xσ for σ → 0 and σ → ∞ result in Xσ = const and
Xσ = 0, respectively. For completeness, the remaining part of XM , i.e. the
sum Xc + Xρ, is also shown in Fig. 3.14.
Further, the impact of σR on the series resonance frequency fS is cal-
culated as function of temperature according to Eq. 2.47. The curves in
Fig. 3.15 result for fRT = 1, 5 and 25 MHz applying again the idealized
temperature dependence of σR according to Fig. A.2 and ﬁxed values for
AE , AR, dR, eR, c66 and εB. Thereby, the data are normalized using the
series resonance frequency at room temperature fRT . The series resonance
frequency of the 5 MHz resonator drops above about 700◦C. It is not sur-
prising that the changes in frequency and in Xσ are correlated as it becomes
obvious by comparing the curves for fS = 5 MHz in Fig. 3.15 with that for
Xσ in Fig. 3.14. Further, the frequency drop starts with increasing frequency
at higher temperatures.
Finally, the impact of the overtone number N is evaluated and shown in
Fig. 3.16. Below about 1000◦C, the diﬀerence between the fundamental mode
(N = 1) and the 1st overtone (N = 3) is much bigger than the diﬀerences
between higher overtones. The observation corresponds to that for the overall
resistance R in Fig. 3.13.
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Figure 3.14: Temperature dependent imaginary elements of the motional arm
for a 5 MHz standard langasite resonator.
Figure 3.15: Impact of the temperature dependent bulk conductivity on the
series resonance frequency for standard langasite resonators of 1, 5 and 25 MHz.
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Figure 3.16: Temperature dependent series resonance frequency for a 5 MHz
standard langasite resonator operated at diﬀerent overtones.
3.2.2 Iso-Q Lines
Fig. 3.17 shows iso-Q lines in the log(RM)-log(RS) plane in order to visual-
ize the inﬂuence of RM and RS. Thereby, the values for CM and LM are
calculated from the room temperature materials data of the standard lang-
asite resonator according to Eqs. 2.51 and 2.52. The plot allows to estimate
whether the static resistance RS has a signiﬁcant inﬂuence on the resonance
behavior. Q is independent of RS for values above the dashed line, i.e. above
about RS ≈ 104 Ω or σR ≈ 1.4 × 10−3 S/m for the standard langasite res-
onators.
3.2.3 Validity of the Equivalent Circuit
In the following the validity range of the approximations leading to the ex-
tended BvD EC is discussed by comparing the resonance spectra obtained
from the one-dimensional physical model and from the extended BvD EC.
Thereby, the impedance modulus is calculated using the standard data set
of the 5 MHz langasite resonator given in Appendix A.
The one-dimensional physical model yields |Z| directly whereas the ap-
proximations |Z−| and |Z+| are received in two steps, namely
• The calculation of the BvD parameters RM , CM−, LM− and RM+,
CM+, LM+ for the low and high approximation, respectively, and
• Their transformation into the impedance according to the circuit given
in Fig. 2.7b. Thereby, the motional ﬁlm impedance ZFM is set to zero.
The results of the calculations for room temperature, 500, 1000 and
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Figure 3.17: Calculated Iso-Q lines as function of the motional RM and static
RS resistance for the 5 MHz standard langasite resonator.
1400◦C are summarized in Fig. 3.18. The gray curves represent the reference
data |Z| since they are calculated using the physical model3. The dashed
and the solid black lines stand for the low and high-temperature approxima-
tion, respectively. The spectra calculated from the BvD EC agree with that
from the physical model at room temperature, 500 and 1400◦C as clearly
visible in the ﬁgure. In contrast, |Z−|, |Z+| and |Z| disagree at 1000◦C. The
latter is reasonable since the extended BvD EC is expected to be incorrect
for σR ≈ εR ω. This condition corresponds to σR = 5× 10−3 S/m at 5 MHz
or to a temperature of about 1000◦C according to the conductivity data for
langasite presented in Chapter 4.
In order to show the diﬀerences more clearly, |Z+| and |Z| are enlarged
in the inlay of Fig. 3.18 for 1000◦C. The shape of |Z+| does not reﬂect the
reference data. The attempt to ﬁt |Z+| would lead to large numbers for
the sum of the squared diﬀerences of data and ﬁt function, i.e. to a poor
ﬁt quality. In contrast, |Z−| is shifted along the frequency axis, only. A
modiﬁcation of CM by 0.65 % results in a an agreement between |Z−| and
|Z| as visualized by the dashed line in the inlay.
From these calculation can be concluded that
• The low- and high-temperature approximations correspond very well to
the physical model and are, therefore, suited to extract the materials
properties from the parameters of the extended BvD EC,
• Both approximations are not suited for σR ≈ εR ω which requires the
use of the physical model under such circumstances and
3These data are the same as in Fig. 3.2
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Figure 3.18: Impedance modulus calculated from the one-dimensional model |Z|
and the extended BvD EC for the high |Z+| and low |Z−| temperature approxi-
mation for the 5 MHz standard resonator at diﬀerent temperatures.
• The low-temperature approximation describes the data properly if in-
signiﬁcantly false values for CM are acceptable.
3.2.4 Band Width and Equivalent Circuit Approach
The resonator quality factors resulting from the band width approach and the
extended BvD equivalent circuit are compared. In contrast to Section 3.2.1,
the temperature dependence of all properties of the 5 MHz standard langasite
resonator are used for the calculation. The parameters of the EC required to
evaluate Eq. 2.74 follow from Eqs. 2.29, 2.30, 2.40, 2.51, 2.52, 2.54, 2.55 and
2.60. Thereby, the results for the low and high-temperature approximation
are denoted by QBvD− and QBvD+, respectively. The quality factor QBW of
the band width approach follows from Eq. 2.77. The required parameters
are extracted from G(f) spectra calculated by Eq. 2.33.
Fig. 3.19 summarizes the results. Thereby, QBvD− and QBvD+ are shown
below and above 1000◦C, respectively. Up to about 1000◦C and above about
1100◦C, the corresponding EC approximation ﬁts very well to QBW . How-
ever, the apparent agreement of QBvD− and QBW between about 900 and
1000◦C must be seen in the context of the slightly false values of CM as
discussed in Section 3.2.3. In other words, the EC approach can be applied
except for the temperature range from 900 to 1100◦C which corresponds to
σR ≈ εR ω.
Further, the mechanical loss contribution Qc is shown in Fig. 3.19. It
clearly dominates the overall loss up to about 750◦C. Above that temper-
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Figure 3.19: Temperature dependent resonator quality factor of a 5 MHz stan-
dard langasite resonator according to the bandwidth and the BvD EC approach.
ature, electrical losses caused by the bulk conductivity increasingly impact
the overall loss. The separate contributions from ηR and σR to the mechan-
ical loss are also shown and denoted by Qc,η and Qc,σ, respectively. Their
slope corresponds to that of Rη and Rσ in Fig. 3.10. The viscosity related
contribution Qc,η dominates up to about 500
◦C.
Since the band with approach describes the loss properly in the entire
temperature range it is recommended to apply it for data evaluation. Never-
theless, the BvD EC approach is suited to discuss the impact of the materials
parameters on the resonance properties.
The materials parameters and the dimensions applied so far reﬂect the
properties of langasite resonators to some extent and represent the case where
the viscosity and the conductivity determine the overall resistance in diﬀerent
temperature ranges. Other resonator materials and dimensions may lead to
an altered predominance of these properties. For example, GaPO4 exhibits a
lower conductivity than langasite which results potentially in the dominance
of the eﬀective viscosity up to high temperatures.
In the following sections the terms RM , CM and LM , are used, only. The
additional index, i.e. the minus and plus sign, is skipped to avoid repeated
references on the low- and high-temperature approximation. Of course, the
appropriate expressions have to be applied for actual calculations.
Chapter 4
Materials Properties
The following sections present and discuss the materials parameters of quartz,
GaPO4 and langasite at temperatures up to 540, 930 and 1050
◦C, respec-
tively. Thereby, the temperature limit of the langasite resonator devices is
determined by the stability of the platinum electrodes. Tolerable degradation
within the period of measurement is found up to the temperature mentioned
above, only. The maximum examination temperature of the GaPO4 and
quartz devices is already close to the phase transformation of these materi-
als.
The resonance spectra of the piezoelectric resonators are determined by
recording the real R and imaginary X parts of the impedance spectra in the
vicinity of the resonance frequency. The measurements are performed in air
and explained in more detail in Appendix C.3.
The description of the TSM resonators presented so far enables the di-
rect determination of the materials properties by ﬁtting the solution of the
one-dimensional physical model to the resonance spectra. Alternatively, the
parameters of the BvD EC can be determined from the resonance spectra
and converted into the materials properties. Both approaches are applied
and compared.
Resonator properties of direct relevance to applications such as the mass
sensitivity and the temperature compensation are discussed in Chapter 5.
4.1 Fit Procedure
4.1.1 General Approach
For the further discussion it is advantageous to arrange the parameters of
the resonators in groups which are
• The sample holder properties
– CL, RL and
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• The dimensions of resonator and ﬁlm
– dR, dF , AE , AR,
• The materials properties of the ﬁlm
– cF , ρF , ηF ,
• The materials properties of the resonator
– c66, eR, εR, ρR (no loss contributions),
– ηR, 
R, σR (loss contributions).
Resonators without sensor ﬁlms are used to determine the properties of the
piezoelectric materials. A layer sequence electrode | piezoelectric material |
electrode according to Eq. 2.34 reﬂects this situation. Consequently, the ﬁlm
properties mentioned above correspond to that of the electrodes.
The determination of the materials properties is performed by ﬁtting
the actual model Z(fi) to the experimentally determined resonance spectra
ZE(fi) using the Levenberg-Marquardt algorithm [73]. Thereby, the sum of
the squared diﬀerences of data and ﬁt function
χ2 =
∑
i
[(
RE(fi)− R(fi)
|Z(fi)|
)2
+
(
XE(fi)−X(fi)
|Z(fi)|
)2]
(4.1)
is minimized. The index i represents the number of data points within one
resonance spectra. Homogeneous weighing is achieved by the impedance
modulus as given in Eq. 4.1. The application of the Levenberg-Marquardt
algorithm requires the mathematical derivations of the ﬁtting function for its
parameters. These equations are neither instructive nor short and, therefore,
not given here.
4.1.2 Likely Errors of the Best-ﬁt Parameters
The ﬁt is realized using the Levenberg-Marquardt method [73]. As for every
ﬁt method, it has to be assumed that the model is a likely match to the data.
Small values of χ2 conﬁrm the applicability of the model and the maximum
likelihood of the parameters is achieved. For further conﬁdence, the error
estimates of the parameters have to be regarded. The occurrence of large
errors despite of small χ2 indicates, for example, potential correlations of the
parameters.
Least-square ﬁtting is a maximum likelihood estimation for the parame-
ters provided that
• The measurement error is independently random and distributed as a
Gaussian distribution and
• The standard derivations are the same for all measurement points [73].
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Under such favorable circumstances the error estimates for the parameters
can be extracted from the ﬁt algorithm. The diagonal elements of the covari-
ance matrix used to solve the normal equations of the least-square problem
are the squared uncertainties of the ﬁtted parameters [73]. They are ex-
tracted, converted into a conﬁdence interval of 95 % and indicated by the
error bars in the plots for c66, eR and ηR.
However, the errors of real data are hardly Gaussian distributed. Fur-
ther, the measurements are also aﬀected by systematic errors which are not
considered here. Consequently, the error estimates do not cover the total
error. Despite of this restrictions, the values are presented to give at least a
hint to the conﬁdence of the parameters.
4.1.3 Free Parameters of the Physical Model
It is obvious that the number of free parameters for the ﬁt procedure must
be much smaller than the total number of parameters, i.e. 16 for the one-
dimensional model. Reasonable ﬁts can be, in general, expected if the number
of free parameters does not exceed three or four. This section identiﬁes the
parameters which have to be varied.
The geometrical area of the electrodes is known from the size of the
shadow masks used to produce them and converted into the eﬀective res-
onator area AE according to Appendix B. This value is always kept constant.
The approximate thickness of the resonator dR is determined by a micrometer
gauge.
Most relevant properties of the electrodes are their thickness dF and den-
sity ρF . Accurate values of the thickness are determined using a surface
proﬁler. The density of the platinum electrodes is assumed to be 100 %
of the theoretical density. The method to deposit them, i.e. the Pulsed
Laser Deposition (PLD), leads to compact ﬁlms. Further, the stiﬀness of the
200 nm thick electrodes is set to the room temperature value of platinum
cF = 4.8 × 1010 Nm−2 [74] since its impact on the resonance behavior is
negligible. Unrealistic values below about 107 Nm−2 which correspond to
rubbery materials would shift the resonance frequency, only. Further, for the
conditions chosen here, the viscosity of the electrodes ηF does not impact
the resonance behavior at all and is, therefore, set to zero. A parameter
study conﬁrmed the fact even for extremely large viscosities. The statement
corresponds to the small value of the relative derivation ηF/f ∂f/∂ηF which
is below 10−6 according to Figs. 3.5 and 3.7. In summary, dF , ρF and cF are
always kept constant at the values given in Appendix A. Further, ηF is set
to zero since very soft materials like polymers would impact the behavior,
only.
The data evaluation applied here potentially delivers unreliable absolute
values due to experimental problems resulting from the stray capacitance
CL of the high-temperature sample holder. Since the arrangement of wires
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and contacts is not completely ﬁxed, CL might be altered after calibration
of the network analyzer or during sample change. As a consequence, the
calibration does not compensate necessarily CL. Inaccurate numbers of CL
would cause e.g. false dielectric constants. Further, mechanical tools do not
allow a suﬃciently accurate determination of the thickness of the resonator
dR which leads to wrong values for the mechanical stiﬀness c66.
To overcome these problems, room temperature values for c66, eR, ρR
and εR from the literature [40, 48, 74–76] are taken and kept constant in
the room temperature ﬁts. The numerical values used here are tabulated in
Appendix A. In case of langasite, the approach is justiﬁed by independent
measurements using the pulse-echo method. Thereby, the agreement of key
properties of the actual material with literature data is conﬁrmed [77]. The
data of GaPO4 are taken from the crystal’s manufacturer.
Based on these data, an initial ﬁt step using room temperature resonance
spectra is performed. Beside the resonator thickness dR and the stray capac-
itance CL, the eﬀective resonator area AR and the viscosity of the resonator
ηR are varied to achieve optimum ﬁt quality. The imaginary part of the
piezoelectric constant 
R must be set to zero. Otherwise, the errors of the ﬁt
parameters become extremely large while the ﬁt quality does not improve.
The facts indicate that 
R is either independent nor required. Further, the
lead resistance RL can be set to zero. Obviously, the calibration of the net-
work analyzer compensates the resistance of the sample holder.
For all other temperatures, the numbers found at room temperature for
CL, AR and 
R are kept ﬁxed. There is obviously no need to modify them.
The thickness dR and the density ρR are set according to their temperature
dependence given in Appendix A. Further, the bulk conductivity σR cannot
be treated as a ﬁt parameter. As already mentioned in Section 2.3 (page 30)
high resistances occurring below about 700◦C in case of langasite resonators
lead to undeﬁned ﬁt results. Consequently, independent impedance mea-
surements at relatively low frequencies have to be performed. The dielectric
constant extracted simultaneously from these measurements shows a rela-
tively large uncertainty and can be used as initial value for the ﬁt procedure,
only. Finally, c66, eR, ηR and εR are varied.
4.1.4 Free Parameters of the Equivalent Circuit
The extended BvD EC includes the motional parameters RM , CM and LM
as well as the static parameters RS and CS. As for the one-dimensional
physical model, high bulk resistances prevent the determination of RS, i.e.
impedance measurements are also required for this approach. The remaining
parameters of the EC have to be varied in the actual ﬁt procedure.
The conversion of the EC parameters into the physical properties requires
the knowledge of the resonator dimensions and of the stray capacitance. Here,
an approach comparable to that for the one-dimensional physical model is
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Figure 4.1: Arrhenius plot of the conductivity of langasite, gallium phosphate
and quartz.
chosen. The actual calculation is done using Eqs. 2.57–2.59 and 2.61–2.63
for the low- and high-temperature approximation, respectively. Since the
approach ignores the electrodes, the resonator thickness is expected to be
slightly oﬀ.
4.2 Results
4.2.1 Conductivity and Dielectric Constant
Initially, the bulk conductivity of the resonator materials has to be deter-
mined. Therefore, impedance measurements in the frequency range from
10 mHz to 1 MHz are performed. The low frequency intercept of the RSCS-
semicircle in the complex impedance plane represents the resistance of the
parallel arrangement and is converted in the bulk conductivity σR. Further,
the dielectric constant εR is extracted from the data. Experimental details
and insights in the microscopic mechanisms are given in Chapter 7.
Fig. 4.1 shows the temperature dependence of σR. Most remarkably, the
conductivity of langasite is more than two orders of magnitude higher than
that of GaPO4 and quartz. Therefore, the impact of the conductivity on the
resonance spectra is expected to play a pronounced role in case of langasite
resonators.
The temperature dependence of dielectric constants of the resonator ma-
terials is given in Fig. 4.2. Thereby, the solid symbols represent typical values
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Figure 4.2: Temperature dependent dielectric constant of langasite, gallium phos-
phate and quartz.
which does not change as function of time. Those samples are expected to be
either in a metastable state or already equilibrated. These situations corre-
spond to relatively low and high temperatures, respectively. At intermediate
temperatures, equilibration cannot be achieved within reasonable periods of
time. The open symbols represent this situation where the result is time de-
pendent. Since the conductivity is obviously less aﬀected by time-dependent
changes, other eﬀects like the presence of hydrogenous species contributes
potentially to the time-dependence of the dielectric constant. Details about
the kinetics of the equilibration are given in Section 7.1.
For langasite, the temperature dependence of εR is in accordance with
literature data measured up to about 350◦C [26]. This comparison cannot be
done for GaPO4 since high-temperature data are obviously not published.
In order to obtain ﬁt results using the one-dimensional physical model
as done in the next section, the bulk conductivity derived here is taken and
ﬁxed for a given temperature. Due to its uncertainty the dielectric constant
is used as initial parameter for the ﬁt procedure, only.
4.2.2 One-dimensional Physical Model
First, the one-dimensional physical model is used to determine the properties
c66, eR, ηR and 
R by ﬁtting it to the resonance spectra. Most important,
very good agreement between data and model could be achieved in the entire
temperature range. The fact is illustrated in Fig. 4.3 for langasite up to
1000◦C. The symbols represent the measurements whereas the lines result
from the model. The agreement justiﬁes the applicability of the model even
at very high temperatures.
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Figure 4.3: Measured resonance spectra of langasite (open symbols: |Z|, solid
symbols: ϕ) and ﬁt of the one-dimensional model (lines) at diﬀerent temperatures.
Eﬀective Resonator Area
The eﬀective resonator area AR is determined using resonance spectra ac-
quired at room temperature and the literature data for c66, eR, ρR and εR.
The solid symbols in Fig. 4.4 show the results for langasite (L), GaPO4 (G)
and quartz (Q). Remarkably, the ratio AR/AE is signiﬁcantly smaller than
unity. The fact justiﬁes the introduction of diﬀerent eﬀective areas for the
electrode and the oscillating resonator material. Further, there is no indica-
tion to changes of the ratio AR/AE with increasing temperature.
Fig. 4.4 shows the ratio of the resonator thickness dR and eﬀective elec-
trode radius rE which meets the empirical relation
AR
AE
≈ 4.93dR
rE
. (4.2)
Consequently, the eﬀective resonator area AR can be estimated based on the
dimensions of the resonators. The fact is important since it by-passes the
application of the quite complex one-dimensional physical model and must
be seen with respect to the necessity to know AR in order to
• Calculate the mass sensitivity and
• Convert the parameters of the equivalent circuit into the physical prop-
erties of the resonator materials.
Other relations such as AR/AE ∼ dR or AR/AE ∼ 1/rE do not describe the
behavior determined experimentally.
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Figure 4.4: Ratio of the eﬀective resonator area AR to the eﬀective electrode area
AE and their empirical description (see text) for langasite (L), gallium phosphate
(G) and quartz (Q) resonators.
Elastic Properties
The shear modulus of the materials of interest is given in Fig. 4.5. Its tem-
perature dependence determines predominantly the course of the resonance
frequency as is becomes obvious by comparing Figs. 1.2 and 4.5. A modiﬁed
presentation of the shear modulus according to (c66 − cRT )/cRT matches the
pattern of (f − fRT )/fRT in Fig. 1.2. The relative change in the respective
entire temperature range are the smallest for GaPO4 (5 %). Stronger changes
are found for langasite and quartz (9 and 17 %, respectively). The values
presented here are in reasonable agreement with literature data determined
e.g. by resonant ultrasound spectroscopy up to 450◦C [78, 79].
Piezoelectric Coeﬃcients
Fig. 4.6 shows the temperature dependent piezoelectric coeﬃcient eR for
langasite, GaPO4 and quartz. Since its sign does not impact the dynamic
behavior of TSM resonators, its modulus is of interest for the further discus-
sion.
Remarkably, the piezoelectric coeﬃcient of langasite is about three times
as large as that of quartz. Further, the property is expected to decrease
with increasing temperature as observed for GaPO4 and quartz. In con-
trast, langasite shows a reverse temperature dependence which might be
an intrinsic piezoelectric property. In any case, the large value and its in-
crease with increasing temperature are advantageous features of langasite
for high-temperature applications. Another important issue is the very little
temperature dependence of the piezoelectric coeﬃcient of GaPO4. At 930
◦C,
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Figure 4.5: Temperature dependent shear modulus of langasite, gallium phos-
phate and quartz (line and symbols: physical model, dashed line: BvD EC model).
the modulus is only 5 % lower than that at room temperature. The results
for GaPO4 matches very well the data from the crystal’s manufacturer mea-
sured at temperatures up to about 700◦C by the Michelson interferometry
[40, 76]. The piezoelectric coeﬃcient of langasite correspond to data given
up to 500◦C in [31]. Further, independent measurements performed in our
laboratory [77, 80] are in accordance with these data.
Viscosity
The viscosity of the piezoelectric materials exhibits a quite diﬀerent behavior.
GaPO4 and quartz show an almost linear slope in the log(ηR)−T plot as
presented in Fig. 4.7. The only exception is found in a narrow temperature
range around 400◦C where the resonance spectra of the quartz resonators
cannot be ﬁtted due to numerous spurious resonance modes. The loss of
quartz seems to be increased around this temperature. In contrast, langasite
undergoes some loss maximus as seen by the shallow peaks of the viscosity
at about 250, 700 and 950◦C. Remarkably, the loss tends to decrease with
increasing temperature above 950◦C. Further, the temperature dependence
of ηR corresponds to that of the viscosity related resistance Rη presented in
Fig. 3.12.
In the literature, the loss is described predominantly by the resonator
quality factor Q. Therefore, a direct comparison with the viscosity cannot
be done. However, loss peaks in form of Q−1 are reported for langasite at
260 [81] and 680◦C [79] which supports the result presented here.
The loss of hydrogen swept quartz is reported in [82, 83] in the tem-
perature range up to 450◦C. Such crystals exhibit a moderate and nearly
temperature independent loss up to about 400◦C. Commonly, alkali impu-
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Figure 4.6: Temperature dependent piezoelectric constant of langasite, gallium
phosphate and quartz (line and symbols: physical model, dashed line: BvD EC
approach).
Figure 4.7: Temperature dependent viscosity of langasite, gallium phosphate and
quartz (line and symbols: physical model, dashed line: BvD EC approach).
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Figure 4.8: Measured resonance spectra of langasite (open symbols: |Z|, solid
symbols: ϕ) and ﬁt of the extended Butterworth-van Dyke equivalent circuit (lines)
at diﬀerent temperatures.
rity ions are thermally activated and responsible for the acoustic loss. If they
are replaced by hydrogen, the loss is largely suppressed. Above about 400◦C
an increase of the loss is observed which goes along with the data presented
here. The behavior of quartz is, however, not investigated in detail since its
materials properties are introduced for comparison, only.
Independent reference data for GaPO4 at high temperatures are obviously
not published. Details about the loss in langasite are discussed in Section 5.4.
4.2.3 Extended Butterworth-van Dyke Circuit
Secondly, the extended BvD equivalent circuit model is used to determine the
properties c66, eR, ηR and 
R by ﬁtting it to the resonance spectra. Thereby,
two steps, i.e.
• The determination of the parameters of the equivalent circuit and
• Their conversion into the physical properties of the resonator materials
is performed. As an example langasite is chosen.
Good agreement between experiment and model could be achieved by the
low temperature approximation of the extended BvD EC up to 1000◦C as
seen in Fig. 4.8. However, above about 900◦C, the ﬁt quality is achieved at the
expense of modiﬁed values for CM , only. The parameter starts to diﬀer from
that calculated by the one-dimensional physical model. Therefore, the model
no longer suited to extract the materials properties. The temperature limit
matches the condition for the inapplicability of the extended BvD EC accord-
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Figure 4.9: Temperature dependence of the motional parameters CM and LM of
the extended Butterworth-van Dyke equivalent circuit for langasite.
ing to Eq. 2.56. For the actual resonator applies εRω = σR = 7.6 10
−3 S/m
which corresponds to 970◦C. Consequently, up to some temperature below
that limit, i.e. in the speciﬁc case up to about 900◦C, the parameters of the
extended BvD EC can be determined accurately. Above the limit of 970◦C,
the structure of extended BvD EC becomes correct again. Consequently, the
ﬁt quality should improve with increasing temperature while applying the
high-temperature approximation for the BvD EC. The expectation could,
however, not be proven experimentally since the stability of the electrodes
limits the investigations to 1050◦C.
Figs. 4.9 and 4.10 present the temperature dependence of the motional
parameters CM , LM and RM of the extended BvD EC up to 900
◦C. It should
be noted that the product CMLM is determined by the resonance frequency.
Therefore, it can be extracted very precisely from the data. In contrast, the
ﬁt procedure does not deliver accurate values for the ratio of CM and LM
since the χ2 function shows little changes if that ratio is varied. The fact
might explain the slope of CM and LM around 600
◦C.
The parameters of the extended BvD EC are known for σR < εRω, only.
Therefore, they are converted into the materials parameters c66, eR and ηR
using the low temperature approximation according to Eqs. 2.57–2.59. The
thickness of the resonators is taken from the data of the one-dimensional
physical model. Further, Eq. 4.2 is used to calculate AR from AE . The
results of the conversion are shown as dashed lines in Figs. 4.5–4.7.
So far, the contribution of the electrodes to the resonance behavior is ne-
glected. Since the electrodes act as an additional mass shifting the resonance
spectra to lower frequencies, a c66 diﬀerent from the one-dimensional physi-
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Figure 4.10: Temperature dependence of the motional parameter RM of the
extended Butterworth-van Dyke equivalent circuit for langasite.
cal model is expected. The dashed line in Fig. 4.5 conﬁrms this fact. Using
Sauerbrey’s approach to express a mass uptake by the electrodes as change
of the resonator thickness, the diﬀerence can be corrected. An increase of
the resonator thickness dR by ∆dR = dFρF/ρR corrects the diﬀerence in c66.
If required, the determination of dR can be done independently of the one-
dimensional physical model. The property has to be adjusted using room
temperature data for c66 from the literature.
The piezoelectric constant derived from the extended BvD EC and the
one-dimensional physical model diﬀers slightly as seen in Fig. 4.6. The fact
might be caused by the uncertainty in determining LM . The viscosity re-
sulting from both approaches matches very well. The fact becomes obvious
by the dashed line in Fig. 4.7 which is almost covered by the data from the
one-dimensional physical model.
Provided that the limit σR < εRω is regarded, the extended BvD EC
describes the resonance behavior satisfactorily. The approach is suited for
time-inexpensive data modeling. Minor diﬀerences occur if the EC param-
eters are converted into the physical properties of the resonator materials.
Therefore, the application of the one-dimensional physical model is recom-
mended for precise determination of the materials properties.
Chapter 5
Resonance Properties
One key property of langasite, GaPO4 and quartz resonators, namely their
temperature dependent resonance frequency is already presented in Fig. 1.2.
Further issues such as the mass sensitivity and the mass resolution have to
be considered to evaluate the resonators comprehensively. Except for the
resonator geometry, the mass sensitivity is predominantly determined by the
shear modulus c66 and the resonator density ρR whereas the mass resolution
is governed by the resonator quality factor Q. The latter depends on ηR and
σR. Beyond that, the stable operation of the resonators at elevated tem-
peratures requires the knowledge of the impact of the remaining materials
properties.
In contrast to the parameter study in Section 3.1.2
• Measured data and
• Analytical derivatives of the series resonance frequency for the materi-
als properties
are used here. If not stated otherwise the series resonance frequency fS is
denoted by f from now on.
The measurements presented so far are performed in air. Extreme condi-
tions may alter the properties of the resonator materials and aﬀect, thereby,
the resonance behavior. However, in Chapter 8 is shown that the operation
in air impacts the materials properties of the resonators in the most modest
extend. Consequently, the following sections deliver resonance characteristics
least aﬀected by the environmental conditions.
After discussing the temperature dependence of the resonance frequency,
its temperature compensation is introduced since the evaluation of other
properties is preferably done based on that frequency.
69
70 CHAPTER 5. RESONANCE PROPERTIES
Figure 5.1: Temperature dependent resonance frequency of the 1st overtone of
langasite and gallium phosphate resonators.
5.1 Resonance Frequency
The temperature dependent resonance frequency of the fundamental mode
(N = 1) is already presented in Fig. 1.2. For completeness, this property
is given for the 1st overtone (N = 3) in Fig. 5.1. In case of langasite and
GaPO4 the relative frequency shift can be approximated satisfactorily by a
parabolic function
f [N ] − f [N ]RT
f
[N ]
RT
= c
[N ]
0 + c
[N ]
1 T + c
[N ]
2 T
2. (5.1)
The temperature ranges, the constants c
[N ]
0 , c
[N ]
1 and c
[N ]
2 as well as the
turnover temperature TTC (∂f/∂T |T TC = 0) are given in Tab. 5.1. The de-
termined temperature dependence of langasite is in general accordance with
the results for BAW resonators in the temperature range from 5 to 125◦C
[84] and for SAW devices at temperatures of up to about 1000◦C [33]. It
should be noted that the 1st overtone temperature dependence of GaPO4 is
vanishing at about 900◦C.
The derivatives of the resonance frequency for the temperature, i.e. the
temperature coeﬃcients c = ∂f/∂T , are shown in Fig. 5.2. It becomes obvi-
ous that the absolute values for quartz are signiﬁcantly higher of than those
for langasite and GaPO4. Nevertheless, the latter materials exhibit temper-
ature coeﬃcients of several hundred Hz/K at elevated temperatures.
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Table 5.1: Temperature related parameters of the resonance frequency according
to Eq. 5.1 and turnover temperatures.
N range c
[N ]
0 c
[N ]
1 c
[N ]
2 TTC
[◦C] [10−3 ◦C] [10−5] [10−8 ◦C−1] [◦C]
langasite 1 20 . . . 800 -0.74 0.14 -4.82 (15.1)
3 20 . . . 700 0.28 0.22 -3.58 31.2
GaPO4 1 20 . . . 600 1.34 1.34 1.41 –
3 20 . . . 800 -0.58 0.25 -0.69 –
Figure 5.2: Temperature coeﬃcients of the series resonance frequency of 5 MHz
langasite, gallium phosphate and quartz resonators.
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5.2 Temperature Compensation
The large temperature coeﬃcients must be seen in the context of mass load
dependent frequency shift of resonators expected to be in the order of tens
of Hz. Given the temperature coeﬃcient of the 5 MHz standard langasite
resonator of about 280 Hz/K at 600◦C, temperature ﬂuctuations of only
0.01 K overwhelm the signal of interest. Consequently, temperature eﬀects
have to be excluded or drastically minimized. The reduction to practice
includes two diﬀerent approaches, namely
1. The application of temperature-compensated crystal cuts and
2. Compensation methods.
The ﬁrst approach limits the operation temperature to a narrow range.
However, if such conditions apply, the approach is highly attractive for com-
mercial applications. The resonance frequency can be obtained with mini-
mum eﬀort. In order to determine temperature-compensated crystal orien-
tations, a full set of materials parameters as presented in [77, 80] is required.
The second approach opens up a wide operation temperature range for
a given device and is, therefore, suited for e.g. laboratory conditions. First
and most simply, an external temperature probe can be used to calculate the
temperature-compensated frequency fEP (EP = external probe) according
to
fEP = f − c[1] (T − T0) (5.2)
with c[1], T and T0 as temperature coeﬃcient, measured and nominal op-
eration temperature, respectively. According to the example given above,
temperature measurements more accurate than 0.01 K are required. There-
fore, diﬃculties come up with external temperature probes even if they are
installed in very close proximity to the piezoelectric devices. In case of gas
sensors, reactions catalyzed by e.g. platinum electrodes or by sensor ﬁlms may
cause local temperature diﬀerences. Further, temporary temperature ﬂuctu-
ations may obviously arise upon temperature changes due to diﬀerences in
heat capacity of temperature probe and piezoelectric device.
An improved compensation approach uses the fundamental mode and
the 1st overtone resonance frequency of the actual resonator itself to exclude
temperature eﬀects, and does not require accurate external temperature mea-
surements. Therefore, the previously described problems do not apply. The
temperature dependence of the fundamental mode (N = 1) and of the 1st
overtone (N = 3) can be expressed as linear functions in the vicinity of T0
according to
f [N ] (T,m, ..) = f
[N ]
0 (m, ..) + c
[N ] (T − T0) . (5.3)
The frequencies f [N ] are regarded as function of temperature T , mass load
m and other undesignated parameters. The resonance frequencies at T0 are
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denoted by f
[N ]
0 with
f
[N ]
0 (m, ..) = f
[N ] (T0, m, ..) . (5.4)
From Eq(s). 5.3, the temperature diﬀerence T − T0 can be eliminated which
results in a temperature independent frequency fIC (IC = internal compen-
sation) according to
fIC (m, ..) = f
[1]
0 (m, ..)−
c[1]
c[3]
f
[3]
0 (m, ..) = f
[1] (T,m, ..)− c
[1]
c[3]
f [3] (T,m, ..) .
(5.5)
If the expectations 3f [1] ≈ f [3] and 3c[1] ≈ c[3] hold true, the values for fIC
would be fairly small. However, the temperature dependencies do not corre-
spond entirely to this expectation which lead to ﬁnite values of fIC . The fact
becomes obvious by the temperature dependence of f [1] and f [3] presented
in Fig. 3.161 and the values for 3c[1]/c[3] given in Tab. 5.2. In the literature,
diﬀerent temperature dependencies of the overtones are reported in the tem-
perature range from 5 to 125◦C in [84, 85] which supports these ﬁndings. A
theoretical approach describes the crystal orientation dependent resonance
behavior of quartz resonators [86]. It is concluded that the nodal planes
of the anharmonics of each harmonic family are oriented diﬀerently. Since
langasite belongs to the same crystal class as quartz the conclusion can be
applied here. Diﬀerently oriented vibration planes of the harmonic families
and the orientation dependent materials constants would be one possible ex-
planation for the diﬀerences in temperature behavior. Another explanation
could be the overtone dependent extent of energy trapping.
The temperature compensation schemes can only be applied on the con-
dition that the temperature coeﬃcients are known and independent from
the environmental parameter of interest. The gas atmosphere composition
is taken as an example and investigated in the vicinity of 600◦C using a
platinum contacted langasite resonator with f [1] ≈ 2.1 MHz. The tempera-
ture coeﬃcients result from setting the atmosphere alternately to O2, Ar and
6 % H2/Ar and subsequent variation of the temperature from 590 to 610
◦C.
Fitting of a linear function to f [N ](T ) yields c[N ]. As shown in Tab. 5.2,
the temperature coeﬃcients are oxygen partial pressure independent within
its error range. Consequently, the temperature compensation schemes can
be applied for the environmental conditions described above. It should be
noted that langasite resonators coated with e.g. TiO2−δ sensor ﬁlms also
show oxygen partial pressure independent temperature coeﬃcients and can
be subjected to the temperature compensation.
1It must be underlined that f [N ] in Fig. 3.16 is calculated based on the temperature
dependence of σR and ηR, only. The consideration of the temperature dependence of
all parameters would potentially result in even higher diﬀerences between 3f [1](T ) and
f [3](T ).
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Table 5.2: Temperature coeﬃcients of the series resonance frequency of a 2.1 MHz
langasite resonator operated in diﬀerent atmospheres at 600◦C.
atmosphere c[1] [Hz/K] c[3] [Hz/K] 3c[1]/c[3]
O2 -125.4 -279.1 1.35
Ar -127.0 -282.5 1.35
6% H2/Ar -126.9 -280.2 1.36
average -126.4 -280.6 1.35
Figure 5.3: Signiﬁcant frequency ﬂuctuations ∆f [1] and vanishing frequency shift
∆fIC of an uncoated langasite resonator during switching the atmosphere from
oxygen to 6 % H2/Ar and reverse.
The internal temperature compensation is proven by exposure of the plat-
inum contacted resonator to gas exchanges from pure oxygen to 6 % H2/Ar
and reverse at nominally 600◦C. The lower part of Fig. 5.3 shows the cor-
responding temperature ﬂuctuations of about 40 K as determined by an ex-
ternal temperature probe. Consequently, the raw data f [N ] varies by several
hundreds of Hz in an undeﬁned manner as visualized by ∆f [1] in the upper
part of Fig. 5.3. Any intensional response in the expected order of tens of
Hz becomes disguised. In contrast, the temperature-compensated frequency
fIC does not show signiﬁcant deviations upon gas exchange. Temperature
eﬀects are minimized successfully. The few peaks of about 20 Hz can be
explained by the fact that f [1] and f [3] are not determined at the same time.
A shift of about 5 s between the measurements results in a temperature dif-
ference which distorts the compensation. The disturbance is observable for
fast temperature ﬂuctuations, i.e. during gas exchange, only.
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Figure 5.4: Mass sensitivity of 5 MHz y-cut langasite, gallium phosphate and
quartz resonators as function of temperature.
The external temperature compensation requires highly precise temper-
ature data which can be provided by averaging over a prolonged period of
time, only. For the experimental conditions chosen here, the latter is ful-
ﬁlled very rarely. Consequently, the internal compensation is the preferred
approach and applied unless speciﬁed otherwise.
5.3 Mass Sensitivity
The impact of the resonator thickness dR on the series resonance frequency
f(dR(mR)) is determined and converted into a mass sensitivity S
[1]
m according
to
S [1]m = −AR
∂f [1]
∂mR
= −AR ∂f
[1]
∂dR
∂dR
∂mR
(5.6)
with ∂dR/∂mR = 1/(ARρR). Thereby, the analytical derivative of Eq. 2.47
for dR and the materials parameters presented in Chapter 4 are used. The
result corresponds to the Sauerbrey equation in the sense that the mass
uptake m is expressed as a change of the resonator mass mR. The black
curves in Fig. 5.4 are the result for quartz, GaPO4 and langasite resonators
showing a resonance frequency of 5 MHz at room temperature. Fig. 5.4 also
contains grey curves for each material resulting from simpliﬁed calculations
of the mass sensitivity for small acoustic loads without consideration of the
ﬁnite resonator conductivity [87]
S [N ]m =
2Nf [1]2√
ρRc66
=
N
2dR
2
√
c66
ρR3
. (5.7)
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Table 5.3: Mass sensitivity of 5 MHz y-cut langasite, gallium phosphate and
quartz resonators. The value for an AT -cut quartz resonator is given in parenthe-
sis.
T [◦C] S [1]m [cm2 Hz/µg]
langasite GaPO4 quartz
20 32.4 55.7 47.7 (56.5)
600 32.1 56.5 –
800 31.8 56.8 –
1000 31.4 – –
These curves are almost covered by the black curves which indicates the
applicability of the simpliﬁed approach to calculate the mass sensitivity. Nu-
merical values for the mass sensitivity are given in Tab. 5.3.
Complementary, the mass sensitivity is determined experimentally by
changing the thickness of the platinum electrodes. Additional platinum is
deposited between measuring the temperature dependence of the resonance
frequency. Thereby, the change in mass ∆m and frequency ∆f are related
to the mass sensitivity at 5 MHz using the resonance frequency fRT of the
actual resonator at room temperature
S [1]m = −AR
∆f [1]
∆m
(
5 MHz
fRT
)2
(5.8)
and given in Fig. 5.4 as open circles. Thereby, the resonator area is set to
AR = 0.7AE which is a reasonable value for the actual resonator. The large
errors result from the uncertainty of the experimental approach including the
measurement of the electrode thickness and temperature.
The most important result is the comparable mass sensitivity of these res-
onator materials. Even at elevated temperatures, the sensitivity of langasite
and GaPO4 is in the same order of magnitude than that of quartz at room
temperature. Gallium phosphate exhibits a slightly higher sensitivity than
quartz whereas langasite is slightly less sensitive. Therefore, the detection of
very tiny mass changes caused by e.g. gas adsorption processes or stoichiom-
etry changes in thin ﬁlms is, in principle, feasible at elevated temperature.
The meaning of the mass sensitivity SIC of the temperature compensated
frequency fIC remains to be discussed. Applying Eq. 5.5, SIC results in
SIC = −AR∆fIC
∆m
= S [1] − c
[1]
c[3]
S [3] = S [1]
(
1− 3c
[1]
c[3]
)
. (5.9)
Taking the temperature coeﬃcients of the 2.1 MHz langasite resonator at
600◦C from Tab. 5.2, it turns out that, in this case, the temperature com-
pensation changes the magnitude as well as the sign of the mass sensitivity,
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i.e. SIC = -0.35 S
[1]. This fact has, of course, to be taken into consideration
while discussing mass eﬀects.
If required, similar considerations have to be undertaken for other reso-
nance properties such as the bandwidth at half maximum of the admittance
peak which represents losses.
5.4 Resonator Quality Factor
The applicability of high-temperature resonators depends crucially on their
quality factor Q. In order to relate this property directly to losses, the
inverse value Q−1 has to be regarded. In contrast to the parameter study in
Section 3.1.3, the following calculations base on the measured data.
First, the Q-factor for langasite is derived from the parameters of the ex-
tended BvD EC and from the bandwidth approach and presented in Fig. 5.5
by the open and solid symbols, respectively. Within the availability range of
the EC parameters, i.e. up to 900◦C both approaches match. Further, the
Q-factor is calculated for GaPO4 and quartz using the bandwidth approach.
As already discussed in the context of the viscosity, langasite shows higher
losses than GaPO4 and quartz.
In order to compare the inverse Q-factor and the viscosity ηR, the lat-
ter property is added to Fig. 5.5 by dashed lines. Appropriate scaling of
the left and right hand axis demonstrates their equivalence. The statement
holds true for langasite up to about 550◦C which is not surprising since the
parameter study, and in particular Fig. 3.10, indicates a clear dominance of
viscosity related losses in langasite at low temperatures. The data of GaPO4
and quartz2 are in accordance in the entire temperature range. Consequently,
the loss of GaPO4 and quartz is exclusively dominated by mechanical con-
tributions even at elevated temperatures.
In contrast, langasite is inﬂuenced by conductivity related losses above
550◦C. The transition temperature can be deﬁned by the condition Q−1 =
2 Q−1η leading to about 650
◦C. Details are discussed in Section 8.2.
5.5 Mass Resolution
Temperature related frequency shifts can be excluded by evaluation fIC .
However, losses potentially limit the accuracy in frequency determination
and, thereby, the applicability of resonant langasite sensors at elevated tem-
peratures.
An increase in damping or Q−1 with increasing temperature and a clear
correlation between Q−1 and the uncertainty in the peak frequency, expressed
2The small diﬀerence between Q−1 and ηR of quartz above about 450◦C might be an
artefact due to the scattering of the data and is, therefore, not discussed.
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Figure 5.5: Inverse Q-factor (solid lines and symbols) and viscosity (dashed lines)
as function of temperature for langasite, gallium phosphate and quartz.
as a multiple of the standard derivation σf , is observed. A factor of 1.96 σf
corresponds to a probability of 95 % of ﬁnding the frequency within the values
given in Fig. 5.6. The parameter i = 5, 10, . . . , 200 indicates the number of
points of the spectra G(fi) used for the determination of f as indicated in
Fig. 5.7. Small i result in a noise of several hundred Hz which is much larger
than the frequency shifts expected from e.g. microbalance applications. The
situation corresponds to the frequency determination by oscillator circuits,
where low Q values limit the resolution of the measurement. In contrast,
high i values drastically reduce the noise.
For the given experimental conditions, a noise of f
[1]
noise =± 4 Hz at 1000◦C
is achieved by choosing n = 100. Larger numbers of data points i does not
decrease f
[1]
noise noticeably. A comparable value of fnoise,IC =± 9 Hz at 600◦C
is observed after temperature compensation, where the signal is composed of
the fundamental mode and the 1st overtone frequency.
The mass resolution
R[1] =
∣∣∣∣∣f [1]noiseS [1]
∣∣∣∣∣ (5.10)
results in 124 ng/cm2 taking the noise f
[1]
noise = 4 Hz and the mass sensi-
tivity S [1] = 32.1 cm2 Hz/µg of 5 MHz langasite resonators at 600◦C from
Fig. 5.4. If the temperature compensation is applied, the calculation yields
RIC = |fnoise,IC/SIC | = 910 ng/cm2.
For further discussions, frequency ﬂuctuations of 5 MHz resonators equiv-
alent to noise of ± 4 Hz are deﬁned as criterion to determine the range of
stable operation.
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Figure 5.6: Temperature dependent inverse Q-factor and frequency noise ex-
pressed as multiple of the standard derivation. The numbers adjacent to each
curve in the plot of 1.96 σf indicate the number of data points used to determine
the peak frequency from the admittance peak.
Figure 5.7: Schematic view of the distribution of data points used for the deter-
mination of the series resonance frequency f = f(Gmax).
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5.6 Impact of the Materials Parameters
The evaluation of the tolerable frequency ﬂuctuations requires the knowledge
of the impact of the most relevant materials properties c66, ρR, σR and ηR as
already identiﬁed by the parameter study in Section 3.1.2. For the calcula-
tions, a resonance frequency of f = 5 MHz is chosen again.
First, the relative derivative of the resonance frequency for the shear mod-
ulus κc = c66/f ∂f/∂c66 is calculated. A value of approximately 0.49 applies
for the three piezoelectric materials and is almost temperature independent.
The relatively strong eﬀect of c66 on the resonance frequency has to be com-
pensated as already described in Section 5.2.
Further, the derivative of the series resonance frequency for the resonator
density ∂f/∂ρR is calculated and related to the mass mR of the actual res-
onator material according to ∂ρR/∂mR = 1/(ARdR). The analytical calcula-
tion conﬁrms the numerical result from the parameter study in Section 3.1.2.
The frequency shift caused by mass changes of the resonator material ∆mR
is half of that caused by an external mass uptake ∆m, i.e.
Sρ = − 1
dR
∂f
∂ρR
=
1
2
Sm. (5.11)
Consequently, special attention must be drawn to environmental dependent
mass changes of the resonator material. Chapter 8 covers that crucial issue
for the operation of resonators as stable sensor platform.
Finally, the impact of the conductivity on the resonance frequency is cal-
culated. Fig. 5.8 shows the temperature dependence of the relative deriva-
tive κσ = σR/fS ∂fS/∂σR. Most remarkably, the eﬀect of the conductivity
runs though a maximum at about 930◦C for langasite. This statement corre-
sponds qualitatively to the slope of the curve for Xσ in Fig. 3.14. In contrast,
Fig. 3.7 does not point to this phenomenon since the relative derivatives are
calculated only for some speciﬁc temperatures, namely room temperature,
500 and 1000◦C. The resonance frequency of GaPO4 and quartz (gray trian-
gles in Fig. 5.8) is virtually not aﬀected by the conductivity.
The viscosity does not inﬂuence the series resonance frequency at all since
the property is not included in Eq. 2.47.
The conclusion is that the conductivity of langasite should be minimized
primarily to decrease their impact on the frequency. In addition, conductiv-
ity and viscosity related losses decrease the mass resolution. The eﬀect can
be excluded to some extend by acquisition of suﬃciently large numbers of
data points. Nevertheless, the loss should be as low as possible.
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Figure 5.8: Temperature dependent relative derivative of the resonance frequency
for the conductivity of langasite, gallium phosphate and quartz.
For completeness, the impact of the materials properties identiﬁed as less
relevant in Section 3.1.2 is presented. The temperature dependence of the
relative derivatives of f for εR and eR are given in Figs. 5.9 and 5.10. These
values are required to discuss the eﬀect of hydrogen containing species on the
resonance behavior in Chapter 8.
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Figure 5.9: Temperature dependent relative derivative of the resonance frequency
for the dielectric constant of langasite, gallium phosphate and quartz.
Figure 5.10: The temperature dependent relative derivative of the resonance
frequency for the piezoelectric constant of langasite, gallium phosphate and quartz.
Part II
Atomistic Transport
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Chapter 6
Defect Chemistry of Langasite
Given langasite’s operation temperature of up to at least 1400◦C it is worth
to explore its defect chemistry and transport mechanisms at high tempera-
tures. The objective is to minimize losses. In contrast, the maximum oper-
ation temperatures of GaPO4 and, in particular, of quartz are signiﬁcantly
lower. Further, the availability of GaPO4 is limited which might prevent its
large-scale application. Therefore, the followings sections are focussed exclu-
sively on langasite.
In order to take advantage of the high mass sensitivity of langasite res-
onators, gas atmosphere-independent operation must to be ensured. Accord-
ing to Chapter 5, frequency ﬂuctuations equivalent to noise of ± 4 Hz are
deﬁned as criterion to determine the range of stable operation of 5 MHz
resonators. Extreme conditions such as
• High temperatures or low oxygen partial pressures and
• High concentrations of hydrogen containing species
potentially cause changes in the most relevant parameters c66, ρR, σR and ηR
and, thereby, frequency shifts larger than the limit mentioned above. The
frequency shift might be explained by diﬀerent scenarios including
• Formation of vacancies which primary impacts the density and poten-
tially the strength of the interatomic bonds leading to modiﬁed elastic
constants,
• Incorporation of hydrogenous species and
• Increase of the viscosity and conductivity due to the movement of ionic
and electronic charge carriers. Thereby, moving ions are expected to
show a stronger eﬀect than electrons.
Based on the knowledge of the defect chemistry and the atomistic transport
the operation limits as function of temperature have to be explored. Further,
the range of oxygen partial pressure independent operation and the impact
of hydrogenous species should be derived. If the corresponding defect mech-
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Figure 6.1: Ca3Ga2Ge4O14-type crystal structure [26].
anisms are understood, means for achieving improvements of the resonator
material can be deﬁned. Such suggestions include e.g. appropriate dopants.
In the following sections it is intended to establish the nature of the car-
riers contributing to both mass and charge transport. These phenomena
are expected to cause reversible variations in stoichiometry of langasite and,
thereby, drift of the resonator properties. Other eﬀects which potentially
lead to irreversible degradation like gallium evaporation are discussed in Sec-
tion 7.5.
6.1 Cation Sites
Langasite belongs to the structure type of the trigonal calcium gallium ger-
manate Ca3Ga2Ge4O14 as visualized in Fig. 6.1. Due to the presence of four
distinct cation sites according to A3BC3D2O14, the langasite structure is very
complex and allows, therefore, several substitutions. In this regard, langa-
site is particularly suited as model compound since nearly every size cation
can be accommodated on one of its four diﬀerent cation sites [26]. Layers of
vertice-connected C- and D-tetrahedra alternate with layers of A-site Thom-
son cubes and B-octahedra. A special feature of the langasite structure is the
appearance of gallium in the diﬀerently coordinated B- and C-sites [88]. The
corresponding ions, oxygen coordination numbers and ionic radii are shown
in Tab. 6.1.
Appropriate growth conditions have to be chosen to suppress microstruc-
tural defects. Nowadays, large and high quality crystals can be grown [11, 21,
89, 90]. Beyond that, the composition of the melt determines the properties
of the crystals. Two issues have to be regarded. First and most obviously,
the stoichiometry and the purity of the oxide mixture used for the Czochral-
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ski growth impacts the defect chemistry. Secondly, the growth process itself
impacts the melt composition. Here, the crucial factors are the segregation
coeﬃcients and the mass ratio of crystal and melt. Stoichiometry derivations
of the melt composition are commonly compensated by the formation of ei-
ther cation or anion vacancies [32, 91]. For example, the activation energy of
the electrical conductivity varies depending on the position where the speci-
men is taken from the crystal boule (seed end, central part, tail end) by up
to about 0.1 eV [32]. The fact underlines that even samples from the same
crystal boule exhibit signiﬁcant diﬀerences in their properties. The situation
might be even worth if crystals of diﬀerent size or purchased samples are
compared. Here, the mass ratio of crystal and melt and the position in the
crystal are under question. In order to exclude the latter problems to some
extend, crystals from a single manufacturer (IKZ Berlin, see Appendix C.1)
are used predominantly.
Langasite can be doped by a variety of cations. The sites where they
substitute into are known [26, 92–94]. Based on the ionic radii and the
coordination numbers strontium or praseodymium dopants occupy La3+ sites
(A site). Under these circumstances, strontium acts as acceptor whereas
praseodymium is a neutral substituent or a donor. Niobium replaces Ga3+
thereby acting as donor.
Rhodium impurities originating from the growth process in Pt/Rh cru-
cibles are expected to occupy Ga3+ sites and act as donor for Rh4+ or Rh5+
valence states. In case of the absence of acceptors, the charge compensation
would be fulﬁlled by electrons. Another option is the appearance of Rh3+
which does not change the charge with respect to the lattice.
Tab. 6.2 lists potential dopants, their coordination numbers and ionic
radii. These substitutions are in accordance with the subsequently presented
defect model which reﬂects the eﬀect of these dopants consistently.
Table 6.1: Sites and oxygen coordination of the cations in langasite as well as
ionic radii of the cations [74].
site A B C D
occupation La3+ Ga3+ Ga3+ 50 % Ga3+ 50 % Si4+
oxygen coordination 8 6 4 4
ionic radii [10−10 m] 1.16 0.62 0.47 0.47 0.26
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Table 6.2: Sites, potential dopants, their oxygen coordination and ionic radii [74].
site dopant oxygen ionic radii eﬀect
coordination [10−10 m]
A Sr2+ 8 1.26 acceptor
A Pr3+ 8 1.13 neutral
A Pr4+ 8 0.96 donor
B Nb4+ 6 0.68 donor
B Nb5+ 6 0.64 donor
C,D Nb5+ 4 0.48 donor
B Rh3+ 6 0.67 neutral
B Rh4+ 6 0.60 donor
B Rh5+ 6 0.55 donor
6.2 Hydrogen Free Atmospheres
Initially, atmospheres containing residual amounts of hydrogen are regarded.
In particular, the remaining hydrogen or hydrogenous species should impact
the defect chemistry of langasite in a minor way. To realize that, the oxygen
partial pressure (pO2) is adjusted by CO/CO2 gas mixtures.
6.2.1 General Approach
The defect model presented in this section summarizes parts of the detailed
description given in [43, 95–97]1. Key defect reactions are selected whereby
the formation of oxygen vacancies V ••O (Kro¨ger-Vink notation [98]) at low pO2
is the most relevant feature with respect to mass changes of the resonator
material leading potentially to frequency shifts of resonator devices. These
reactions and their mass action laws are the
• Reduction,
O×O ↔ V ••O + 2e′ + 1/2O2 (6.1)
kR = [V
••
O ] n
2p
1/2
O2 (6.2)
• Oxidation,
1/2O2 + V
••
O ↔ O×O + 2h• (6.3)
kO = p
2 [V ••O ]
−1 p−1/2O2 (6.4)
• Generation of electrons and holes,
null ↔ h• + e′ (6.5)
1In the following the dissertation [43] is cited, only. It includes essentially the other
publications.
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kE = n p (6.6)
• Schottky reaction and
null ↔ 14V ••O + 3V ′′′La + 5V ′′′Ga + V ′′′′Si (6.7)
kS = [V
••
O ]
14 + [V ′′′La]
3
+ [V ′′′Ga]
5
+ [V ′′′′Si ] (6.8)
• Anion Frenkel reaction.
O×O ↔ V ••O + O′′i (6.9)
kF = [V
••
O ] [O
′′
i ] . (6.10)
Further, for dopants additional reactions and mass action laws for the
• Ionization of acceptors and
A↔ A′C + h• (6.11)
kA = [A
′
C ] p (6.12)
• Ionization of donors
D ↔ D•C + e′ (6.13)
kD = [D
•
C ] n (6.14)
apply. The subscript C represents cation sites. Manifold charges with respect
to the lattice do not have to be introduced since the model describes the
experimental ﬁndings consistently.
Finally, the general neutrality equation for electrical charges in the crys-
tals
2 [V ••O ] + p + [D
•
C ] = 2 [O
′′
i ] + n + [A
′
C ] (6.15)
must be fulﬁlled.
The solution of the above set of equations provides the relation between
temperature, oxygen partial pressure, dopant level and concentrations cl of
charge carriers indexed by l. The latter enable the calculation of the partial
conductivities σl provided that their charges ql and mobilities µl are known.
Thus, the experimentally accessible total conductivity σB follows from
2
σB =
∑
l
σl =
∑
l
ql µl cl. (6.16)
The complexity of the set of equations can be reduced by applying the
Brouwer approximation [99] where a dominating defect relation is regarded in
restricted ranges of temperature and pO2. Accordingly, the neutrality equa-
tion includes a single dominating type of positive and negative charge carrier,
only.
2The property σB reﬂects the bulk conductivity of polycrystalline or single crystalline
langasite. In the latter case σB equals σR.
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Even nominally undoped langasite is expected to exhibit some intrin-
sic non-stoichiometry and, therefore, to behave like net donor or acceptor
doped material. Under such circumstances, typical defect regions and their
neutrality equations are the
• Reduction,
n ≈ 2 [V ••O ] (6.17)
• Ionic compensation,
2 [V ••O ] ≈ [A′C ] for [A′C ] > [D•C ] (6.18)
2 [O′′i ] ≈ [D•C ] for [D•C ] > [A′C ] (6.19)
• Electronic Compensation and
p ≈ [A′C ] for [A′C ] > [D•C ] (6.20)
n ≈ [D•C ] for [D•C ] > [A′C ] (6.21)
• Oxidation.
p ≈ 2 [O′′i ] (6.22)
Among other conclusions, these equations enable the calculation of the
pO2-dependence of the charge carrier concentrations. Criteria to identify the
partial conductivity σl which dominates the total conductivity σB are the
concentration and the mobility of the diﬀerent charge carriers. The con-
centrations can be taken from the defect model. The mobilities of the ions
follow from the diﬀusivities presented in Section 7.1. It turns out that oxy-
gen vacancies are the only ionic carriers which contribute substantially to the
conductivity. Of course, electrons (and holes) must be considered since they
are in general signiﬁcantly more mobile than ions.
Taking net acceptor doped material as example, the concentration of oxy-
gen vacancies is ﬁxed according to Eq. 6.18 at suﬃciently high pO2. Further,
electrons are suppressed which results in predominant ionic conduction car-
ried by oxygen vacancies. Consequently, the dominating charge transport is
pO2 independent
σB ∼ [V ••O ] 
= f(pO2). (6.23)
With decreasing pO2 electrons are generated and take over the conductiv-
ity σB even if their concentration is lower than that of oxygen vacancies.
The former are expected to be more mobile than oxygen vacancies. Under
such circumstances, the pO2-dependence of the electron concentration and,
thereby, of the conductivity follow from Eqs. 6.2 and 6.18
σB ∼ n ∼ p−1/4O2 . (6.24)
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At very low pO2 the reduction reaction controls the formation of electrons
and oxygen vacancies. The combination of Eqs. 6.2 and 6.17 results in the
pO2-dependence
σB ∼ n ∼ p−1/6O2 . (6.25)
The slope of the pO2-dependence of the electron concentration in the subse-
quently presented log-log plots is ∆log n/∆log pO2 = -1/6.
Calculations for the complete set of equations are presented in [43]. In
the following these results are summarized by the Kro¨ger-Vink diagrams
for net acceptor and donor doped langasite and given in Figs. 6.2 and 6.3,
respectively. The defect regions mentioned above are separated by vertical
dashed lines and denoted by the dominating neutrality relation above the
diagrams. Further, the modulus of the slope of the curves is indicated in the
bottom part of the ﬁgures. The appropriate sign and vanishing slopes become
obvious from the curves themselves. The example concerning acceptor doped
langasite from above corresponds to the left hand regions in Fig. 6.2.
6.2.2 Oxygen Partial Pressure Ranges of Operation
The pO2 ranges of operation of langasite must be explored with respect to
the general defect model. Chapter 7 provides the corresponding experimen-
tal results. At this point it is important to note that the accessible pO2
(1. . . 10−25 bar) and temperature ranges (700. . . 1000◦C) lead to the follow-
ing regions of operation [43] denoted by
• AD in Fig. 6.2 for acceptor (1 % Sr) doped langasite3.
Acceptor doped langasite exhibits mixed ionic-electronic conductivity.
At low and medium pO2, the charge transport is dominated by mobile
oxygen vacancies. The ionic conductivity is ﬁxed by the acceptors,
thereby being pO2 independent. With increasing pO2 p-type electronic
conduction takes over the bulk conductivity. The n-type conductivity
is fully suppressed.
• UD in Fig. 6.2 for nominally undoped langasite.
Nominally undoped langasite, prepared by ceramic processing routes,
shows ionic conduction at medium and high pO2. At low pO2, n-type
electronic conductivity becomes pronounced due to the generation of
electrons by reduction. The situation corresponds to slightly accep-
tor doped material. As a consequence, the pO2 range of operation is
shifted to lower values with respect to the intentionally acceptor doped
material.
3The amount of dopant is always given as molecular percentage of the target cation
site. Strontium and praseodymium dopants refer to lanthanum. Niobium dopants are
given with respect to gallium.
92 CHAPTER 6. DEFECT CHEMISTRY OF LANGASITE
n≈2[V ••O ] 2[V ••O ]≈ [A′C ] p≈ [A′C ] p≈2[O′′i ]
Figure 6.2: Kro¨ger-Vink diagram for net acceptor doped langasite and ranges of
operation for nominally undoped (UD) and acceptor doped (AD) langasite taken
from [43].
n≈2[V ••O ] n≈ [D•C ] 2[O′′i ]≈ [D•C ] p≈2[O′′i ]
Figure 6.3: Kro¨ger-Vink diagram for net donor doped langasite and range of
operation for donor doped (DD) langasite taken from [43].
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• DD in Fig. 6.3 for donor (5 % Nb) doped langasite.
Donor doped langasite is a n-type electronic conductor in the entire
accessible pO2 range. At low pO2, the generation of electrons leads to to
an increased conductivity with respect to the situation at medium and
high pO2 where the electron concentration is ﬁxed by the donor doping.
The analytical relations between pO2 and total conductivity summarized
in Tab. 6.3 are restricted to the speciﬁc pO2 regions of operation mentioned
above. As intermediate information, neutrality equations and dominating
charge carriers in langasite are given for the experimentally accessible pO2
ranges.
So far, the discussion refers to the temperature and oxygen partial pres-
sure dependence of the bulk conductivity. However, both types of dopants
lead to regions of pO2 independent conduction determined by either oxygen
vacancies or electrons. Consequently, conductivity measurements as function
of pO2 by oneself are not suited to identify the predominant charge carrier
in the entire pO2 range. Therefore, accompanying experimental methods are
applied and presented in [43] to support the defect model. In particular,
thermoelectric power and concentration cell measurements are performed to
conﬁrm sign and concentration of the dominant charge carriers and to deter-
mine reaction constants and mobilities.
6.2.3 Conductivity Prediction
The detailed analysis presented in [43] enables, for example, to predict the
bulk conductivity of langasite as a function of net dopant concentration
[A′C ] − [D•C ] for a given temperature. Fig. 6.4 shows the results for 800 and
1000◦C which follow essentially the same pattern4. As already mentioned,
acceptor doped langasite exhibits mixed ionic-electronic conductivity with
predominant ionic contributions. Consequently, a weak pO2 dependence of
the conductivity is observed. Donor doped langasite shows electronic con-
ductivity at all pO2 leading to enhanced conduction at low pO2. To reduce
the conductivity to a minimum in air, a perfectly compensated langasite is
required. This region is indicated in Fig. 6.4 by a gray bar. According to the
slope of the curves around [A′C ]− [D•C ] = 0, it is, a priori, diﬃcult to predict
whether materials processing will result in a predominant ionic or electronic
conductivity. For example, nominally undoped polycrystalline langasite pre-
pared by ceramic processing routes, behaves like acceptor doped langasite.
The fact applies not necessarily for single crystalline langasite prepared be
the Czochralski technique.
Further, the analysis in [43] includes a qualitative description of the oxy-
gen vacancy concentration which enables to calculate mass changes of the
4At 800◦C the curves for pO2 = 1 and 10−10 bar are almost identical. At 800◦C and
pO2 = 10−20 bar the branch for [A′C ]− [D•C ] < 0 is not shown in order to avoid confusion
because of overlapping curves. It is a nearly horizontal line at σB ≈ 6× 10−3 S/m.
6.3. HYDROGEN CONTAINING ATMOSPHERES 95
Figure 6.4: Bulk conductivity prediction for langasite at diﬀerent oxygen partial
pressures at 800 and 1000◦C as function of net dopant level taken from [43].
resonator material. The formation of oxygen vacancies and electrons follows
from the reaction constant according to Eq. 6.2
kR,A = [V
••
O ]n
2p
1/2
O2 = 10
67e−5.7 eV/kBT cm−9 bar1/2. (6.26)
for acceptor and
kR,D = [V
••
O ]n
2p
1/2
O2 = 10
71e−6.57 eV/kBT cm−9 bar1/2. (6.27)
for donor doped langasite, respectively. Changes in [V ••O ] can be calculated
in concert with the general neutrality condition 2 [V ••O ] + [D
•
C ] = n + [A
′
C ]
applying at low pO2. The related mass change and the resulting frequency
shift of langasite resonators are discussed in Chapter 8.
6.3 Hydrogen Containing Atmospheres
The experimental results found in nominally hydrogen free atmospheres are
consistent with the defect model presented so far. However, atmospheres
containing substantial amounts of hydrogen lead to contradictions if the pO2
is lowered. In particular, the conductivity decreases with decreasing pO2 as
shown by the corresponding experimental results in Section 7.4.2.
Hydrogenous atmospheres are created by H2/H2O gas mixtures where the
amount of H2 provided to the reaction chamber (∼ pRTH2 ) is kept constant.
As described in Appendix C.2, this condition results in
pαH2O ∼ pO2 (6.28)
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with α = 2 in the marginal case of very low pO2. With increasing pO2, α
becomes pO2 dependent and increases slightly.
Since langasite belongs to the same crystal class as α-quartz, similar
impact of hydrogenous species is expected. In particular, the diﬀusion along
the z-axis should be much faster than in other directions. Oxygen tunnels
may be formed [100] where water reacts with e.g. Si-O-Si bonds. From the
reaction of water incorporation into the crystal structure via
H2O + OO ↔ (2OH)O, (6.29)
the dependence of the conductivity along the z-axis as function of the water
vapor partial pressure pH2O is estimated to be
σZ ∼ [(OH)O] ∼ p1/2H2O. (6.30)
Eq. 6.30 does not contains eﬀectively charged particles. However, protons
can migrate in the electrical ﬁeld since the OH-groups are polar [101–103].
Further, hydrogen may react with e.g. Si-O-Si bonds according to
H2 + OO ↔ (H,OH)O. (6.31)
If both hydrogen atoms contribute to the charge transport in form of mobile
protons, the mass action law and Eq. C.3 result in
σZ ∼ p1/4H2O. (6.32)
For geometrical reasons, conduction of water through oxygen tunnels is
not expected in the y-direction. Defect and transport mechanisms reported
e.g. for perovskites [104] can be applied here. There, water incorporation
relies on the existence of oxygen vacancies via the reaction
H2O + V
••
O + OO ↔ 2(OH)•O. (6.33)
The conductivity depends on both, the water partial pressure and the con-
centration of oxygen vacancies
σY ∼ [(OH)•O] ∼ p1/2H2O[V ••O ]1/2. (6.34)
At low temperatures, where [V ••O ] is frozen in or where [V
••
O ] is ﬁxed by
acceptors,
σY ∼ [(OH)•O] ∼ p1/2H2O (6.35)
is expected. With increasing temperature the concentration of oxygen vacan-
cies at suﬃciently low pO2 depends on the oxygen partial pressure according
to [V ••O ] ∼ p−1/6O2 (see Eqs. 6.2 and 6.17). Using Eq. 6.28, the dependence of
σY from pH2O follows
σY ∼ [(OH)•O] ∼ p1/2−α/12H2O . (6.36)
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In the limiting case of very low pO2 from α = 2 results
[(OH)•O] ∼ p1/2−0.17H2O . (6.37)
For higher pO2 with α  2 smaller exponents are expected.
Another option is the formation of protons at the surface of langasite
according to
H2 ↔ 2H• + 2e′. (6.38)
In this case, the conductivity depends on the hydrogen partial pressure pH2
as follows
σY ∼ p1/4H2 (6.39)
and can be related to pH2O using Eqs. C.3 and C.4
σY ∼ p1/4−α/8H2O . (6.40)
For very low pO2’s (α = 2) a pH2O independent conductivity results if the
latter reaction applies. With increasing pO2 (α > 2) a negative exponent, i.e.
decreasing conductivities with increasing pH2O is expected.
The appropriate reactions must be identiﬁed experimentally as presented
in Section 7.4.2.
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Chapter 7
Mass and Charge Transport
Mass and charge transport in langasite are evaluated to support the defect
model. First, the diﬀusivities of the relevant constituents and of potential
dopants are presented. These results point to the most mobile charge car-
riers and enable to calculate the time constants of equilibration processes.
Secondly, conductivity measurements in nominally hydrogen free and in hy-
drogenous atmospheres are determined and discussed in concert with the
defect model. Further, the impact of dopants is demonstrated.
Whenever possible, diﬀusion experiments and conductivity measurements
are performed using langasite single crystals. However, the preparation of
doped samples and the need to achieve reasonable equilibration times require,
in some cases, the application of polycrystalline samples.
7.1 Diﬀusive Transport
7.1.1 Oxygen Diﬀusion
The oxygen self-diﬀusion in langasite is studied in the temperature range from
600 to 1000◦C by oxygen isotope exchange experiments using 18O2 enriched
atmospheres and subsequent analysis of the 18O depth proﬁles by secondary
ion mass spectrometry (SIMS). Details about the experiments and the data
evaluation are given in Appendix C.5. The correlation factor for the diﬀusion
of the oxygen tracer is close to unity for a vacancy mechanism. Therefore,
the tracer diﬀusion coeﬃcient and the chemical diﬀusion coeﬃcient are are
not distinguished.
Fig. 7.1 shows the results for single crystalline (sc) and polycrystalline
(pc) langasite in form of an Arrhenius plot. For the single crystals, the
diﬀusion coeﬃcients along the y-direction are given1. The plot indicates that
oxygen diﬀusion is controlled by a single mechanism in the temperature range
1The values for the z-direction are slightly larger (not shown).
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Figure 7.1: Arrhenius plot of the oxygen diﬀusion coeﬃcients. The curves de-
noted by pc and sc correspond to polycrystalline and single crystalline material,
respectively. Considerable amounts of dopants are given in parenthesis.
from 600 to about 1000◦C, i.e. the activation energy EA according to
DO = D0e
−EA/kBT (7.1)
is constant for the respective sample. Tab. 7.1 summarizes the values of EA
and of the temperature independent pre-exponential factor D0.
Small diﬀerences in magnitude and activation energy of the oxygen diﬀu-
sion coeﬃcients are observed for nominally undoped and 0.6 % Rh containing
langasite single crystals. According to Tab. 6.2, rhodium impurities could be
neutral or act as donor. In the latter case, the electron concentration is
Table 7.1: Activation energy and pre-exponential factor of diﬀusion in langasite.
langasite species EA [ eV] D0 [ m
2/s] temperature range [◦C]
sc 18O 1.25 7.6×10−6 750 . . . 950
sc (0.6 % Rh) 18O 1.22 2.5×10−6 600 . . . 800
pc (1 % Sr) 18O 1.20 2.6×10−7 600 . . . 900
sc 71Ga 3.33 9.1×10−8 750 . . . 1000
sc Sr, Pr 4.50 1.1×10−4 1200 . . . 1450
sc Nb 1.83 2.8×10−8 900 . . . 1400
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expected to be increased thereby suppressing the oxygen vacancy concentra-
tion and oxygen diﬀusion. The facts become obvious from Eqs. 6.21 and 6.2,
respectively. However, the experimental ﬁndings point to the inverse case
leading to the conclusion that rhodium is neutral. The diﬀerences observed
in Fig. 7.1 may be related to other background impurities, intrinsic non-
stoichiometries of the crystals or insuﬃcient pre-annealing of the samples.
The calculated diﬀusion coeﬃcients of polycrystalline langasite are lower
than that of the single crystals. This discrepancy is potentially caused by the
large error in estimation of diﬀusion coeﬃcients in polycrystalline samples
using the technique described in Appendix C.5. The approach requires high
quality data. For the polycrystalline specimens which show a relatively low
density, tracer diﬀuses rapidly through the pores by gas phase diﬀusion,
thereby implying a very high boundary diﬀusion which eﬀectively masks
bulk contributions. Therefore, only two (less reliable) data points could
be extracted for nominally undoped polycrystals. Niobium doped langasite
shows even higher porosities which prevents any reasonable data evaluation.
Sr doped samples could be evaluated. The addition of the acceptor, in
this speciﬁc example 1 % Sr, markedly increases the oxygen diﬀusion. The
observation supports the defect model since acceptor doped langasite is ex-
pected to show an even higher ionic conductivity due to the increased oxygen
vacancy concentration according to Eq. 6.18.
For completeness, the surface exchange coeﬃcients KO of nominally un-
doped langasite crystals are given in Fig. 7.2. Most important, the oxygen
transport is dominated by diﬀusion as it becomes obvious by comparison of
the surface exchange related ﬂux with the diﬀusive ﬂux in the vicinity of the
surface. The relation
kO (cG − cS) > D ∂c
∂x2 x2=0
(7.2)
is fulﬁlled for the experimental conditions chosen here. Thereby, the concen-
tration of the tracer in the gas phase and the concentration of the tracer in
the sample close to the surface are denoted by cG and cS, respectively. In
contrast to the oxygen diﬀusivity, the surface exchange kinetics is found to
be slightly pO2 dependent.
The values of the oxygen diﬀusion coeﬃcients are possibly underesti-
mated due to insuﬃcient equilibrium of the oxygen stoichiometry. The pre-
annealing runs are performed at the same temperature as the subsequent dif-
fusion runs, only. The situation might correspond to some extend to the elec-
trical conductivity of insuﬃciently pre-annealed as described in Section 7.2.
7.1.2 Hydrogen Diﬀusion
Hydrogen or hydrogenous species are generally suspected to contribute sub-
stantially to the mass and charge transport [105]. Therefore, their chemical
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Figure 7.2: Oxygen surface exchange coeﬃcients of nominally undoped langasite
crystals in y- and z-direction.
diﬀusion is investigated. The annealing of the samples in 6 % H2/Ar re-
sults in very ﬂat depth proﬁles even if the annealing time is in the order
of minutes, only. Within the depth accessible by SIMS2, the concentration
does not show signiﬁcant changes. Further, the penetration of hydrogenous
species from both surfaces of the sample overlaps potentially. As a conse-
quence, the data cannot be evaluated using Fick’s second law. Alternatively,
the time dependent hydrogen content inside the samples can be used to esti-
mate the diﬀusion coeﬃcient. The approach bases on the description of the
total content of the diﬀusing species as function of its diﬀusion coeﬃcient
and annealing time. The approach and its reduction to practice using the
actual samples are described in [106] and [80], respectively. Thereby, the OH-
content is determined by Fourier Transform InfraRed (FT-IR) spectroscopy
using the absorption peak at 3400 cm−1. The 0.5 mm thick samples are an-
nealed in 6 % H2/Ar at 600
◦C for diﬀerent periods of time and subsequently
analyzed. The resulting normalized OH-content is shown in Fig. 7.3. For
reference, the OH-content is determined by SIMS. However, the data are not
reliable since the system was operated close to the resolution limits. The fact
causes the large scattering of these data points in Fig. 7.3.
The diﬀusion coeﬃcient found at 600◦C is 1.12×10−11 m2/s. The value is
orders of magnitude higher than that of oxygen. Therefore, a dominant role
of hydrogen must be encountered.
2In practice, the depth of measurement is limited to several micrometers. Line scans
are not considered due to the need to prepare cross-sections of the samples.
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Figure 7.3: Normalized OH-content of single crystalline langasite as function of
time during annealing in 6 % H2/Ar at 600◦C [80].
7.1.3 Cation Diﬀusion
Gallium is known to contribute substantially to the ionic conduction in sys-
tems such as NdAlO3-NdGaO3 [107] and (La,Sr)(Ga,Ni)O3 [108] and, there-
fore, suspected to play a signiﬁcant role in langasite. Consequently, the
diﬀusivity of gallium must be determined to evaluate its contribution to the
ionic conductivity. Contrary, silicon is, in general, covalent and lanthanum is
large. Therefore, it is unlikely that both ions migrate easily within langasite.
The gallium self-diﬀusivity is determined in single crystalline langasite
by implantation of the stable isotope 71Ga, subsequent annealing and depth
proﬁle analysis. Details about the data evaluation are given in Appendix C.5.
Fig. 7.4 shows the resulting diﬀusion coeﬃcients. The activation energy
of 3.13 eV is signiﬁcantly higher than that of oxygen diﬀusion. Moreover,
the gallium diﬀusion is orders of magnitude less than the oxygen diﬀusion.
Therefore, gallium does not contribute signiﬁcantly to conduction and can
be dismissed from that standpoint. The related surface exchange coeﬃcient
is discussed in Section 7.5.
Further, the chemical diﬀusion of potential dopants is investigated. Their
diﬀusivity is of interest since local doping is an option to form highly conduc-
tive areas or to modify the rate of chemical etch processes. These diﬀusion
coeﬃcients are determined using thin ﬁlms as source for the diﬀusing species.
The diﬀusion coeﬃcients of strontium, praseodymium and niobium are
fairly small as shown in Fig. 7.4. Remarkably, strontium and praseodymium
exhibit virtually the same diﬀusivity which is consistent with their similar
ionic radii and the occupation of the same site in the langasite lattice.
The characteristic diﬀusion depth along the y-axis yD can be estimated
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Figure 7.4: Arrhenius plot of the diﬀusion coeﬃcients of gallium and potential
dopants along the y-direction in langasite single crystals.
from the diﬀusion coeﬃcient and the annealing time t according to
yD = 2
√
Dt. (7.3)
At 1400◦C, where the diﬀusion coeﬃcients of strontium, praseodymium and
niobium are quite similar, a diﬀusion depth of 5 µm requires annealing peri-
ods of several days. Consequently, the preparation of locally doped langasite
samples by thermal diﬀusion might be time consuming and prevent the ap-
plication of the method. Alternatives are the epitaxial deposition of doped
langasite layers [109] or the ﬁeld enhanced diﬀusion. Contrary, once the dop-
ing is performed, operation temperatures of 900◦C virtually do not change
the extent of the doped region. For example, yD increases for strontium or
praseodymium from 3.0 to 3.1 µm within 4000 years.
7.2 Equilibration Times
7.2.1 Oxygen Diﬀusion
Single crystalline langasite samples exhibit time dependent materials prop-
erties as long as they are not heated to high temperatures. To quantify this
fact, the minimum temperature for achieving equilibrium conditions of the
oxygen stoichiometry can be estimated by solving Eq. 7.3 for D(T ). Taking
the thickness of a 5 MHz langasite resonator yD = dR/2 ≈ 135 µm and equi-
libration times in the order of several hours as example, temperatures of at
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Figure 7.5: Electrical conductivity of single crystalline langasite without (open
symbols) and with pre-annealing at 1050◦C (solid symbols).
least 1050◦C are required3. As a consequence, the single crystalline samples
presented in this work are pre-annealed for at least 24 h at or above 1050◦C.
Exceptions are indicated.
Contrary, below about 1000◦C equilibrium conditions for oxygen stoi-
chiometry cannot be expected within reasonable periods of time for the given
dimensions of the langasite crystals. The fact is particulary unfavorable
for pO2 dependent conductivity measurements. Dimensions in the order of
few micrometers would be required4. Alternatively, polycrystalline langasite
samples obviously providing fast transport paths can be used for such mea-
surements. These insights motivate the fundamental decision to evaluate the
defect chemistry of langasite based on polycrystalline samples.
However, polycrystalline samples do not enable the investigation of piezo-
electric properties. Single crystals must be applied which results to some ex-
tend in time dependent materials properties. One example is already given
in the context of the dielectric constant in Section 4.2.1. Another example is
shown in Fig. 7.5 where the ﬁrst annealing for several hours at 1050◦C shifts
the conductivity to higher values.
Pre-annealing does not solve the problem of non-equilibration at medium
and low temperatures. However, relatively strong ﬂuctuations of the materi-
als properties occurring during the ﬁrst annealing are not observed anymore.
3Use of an extrapolated oxygen diﬀusion coeﬃcient according to Eq. 7.1.
4Micro-machined langasite samples with appropriate dimensions are just recently avail-
able and could be the subject for future investigation of the defect chemistry.
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Therefore, the use of pre-annealed single crystalline samples is the only fea-
sible option to determine the piezoelectric properties. In order to recognize
potential errors, special attention must be drawn on time dependent ﬂuc-
tuations of the properties. At this point it should be noted that long term
experiments at 600◦C do not indicate ﬂuctuations of the piezoelectric prop-
erties.
7.2.2 Hydrogen Diﬀusion
The hydrogen diﬀusion coeﬃcient of 1.12×10−11 m2/s at 600◦C enables to
estimate the time to saturate langasite with hydrogen or hydrogenous species
at that temperature. Taking again the thickness of a 5 MHz langasite res-
onator yD = dR/2 ≈ 135 µm, the calculation according to Eq. 7.3 results in
108 min. The saturation time at higher temperatures is even shorter. Conse-
quently, time independent conditions with respect to the hydrogen content of
the samples could be realized easily during the experiments in hydrogenous
atmospheres.
7.3 Ionic Conductivity
The cation diﬀusion data indicate that oxygen ions are the only ionic charge
carriers which might contribute signiﬁcantly to the total electrical conduc-
tivity. Assuming an oxygen transport mechanism via oxygen vacancies, the
contribution of oxygen transport
σO = qV [V
••
O ]µV (7.4)
to the total conductivity may be calculated based on the measured oxygen
tracer diﬀusion. The oxygen vacancy concentration [V ••O ] and mobility µV
can be eliminated using the Einstein relation [110, 111]
kBT
qV
µV = DV (7.5)
and
DO[OO] = DV [V
••
O ] (7.6)
where kB, T , [OO], qV = 2q and DV are the Boltzmann constant, the absolute
temperature, the oxygen concentration, the charge of the mobile species and
vacancy diﬀusion coeﬃcient, respectively. The calculation yields
σO =
(2q)2
kBT
[OO]DO. (7.7)
At 800◦C, σO results in 2.1 × 10−4 S/m. The value corresponds to about
15 % of the total conductivity as it can be seen in Fig. 7.6. At 600◦C an ionic
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Figure 7.6: Total bulk and oxygen ion conductivities in langasite as a function
of reciprocal temperatures.
contribution of 5 % is found. These values are possibly underestimated as
discussed in Section 7.1.1. Therefore, the ionic conduction might contribute
even stronger to the total conductivity.
7.4 Electrical Conductivity
The electrical conductivity of langasite is measured in the temperature range
from 400 to 1050◦C. In the ﬁrst part of this section, the conductivity data
of polycrystalline langasite presented in [43] are summarized. These results
are compared with that of single crystalline langasite in the second part.
Assuming diﬀusive transport which is appropriate for either ionic or elec-
tron hopping, the activation energy of the process is preferably derived from
the temperature dependence of the conductivity-temperature product (see
Eq. 7.5). In case of e.g. electron migration, the activation energy is directly
related to the conductivity and extracted from its temperature dependence.
Since the dominant process is, a priori, not clear the plots show in general
the conductivity. Nevertheless, the activation energy is determined from the
conductivity-temperature product whenever applies.
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7.4.1 Hydrogen Free Atmospheres
Polycrystalline Langasite
Nominally undoped polycrystalline langasite exhibits pO2 independent con-
ductivity at medium and high pO2 as visualized in Fig. 7.7. Accompany-
ing concentration cell and thermoelectric power measurements conﬁrmed the
dominance of ionic conduction [43].
With decreasing pO2, the conductivity increases indicating predominant
electronic conduction. The −1/4 slope in the log−log plot as predicted by
Eq. 6.24 (see also Tab. 6.3) becomes obvious by subtracting the ionic part
from the total conductivity (not shown).
Donor doped polycrystalline langasite shows a pO2 independent conduc-
tivity at medium and high pO2, too. However, the accompanying concen-
tration cell and thermoelectric power measurements points to predominant
electronic conduction. With decreasing pO2, the defect model predicts an
even enhanced electronic conduction with a −1/6 slope which is conﬁrmed
in Fig. 7.8.
The conductivity of acceptor doped langasite is shown in Fig. 7.9. In
contrast to the nominally undoped and the donor doped material, the pO2
independent conductivity occurs at low and medium pO2. Here, ionic con-
duction dominates. Further, the plot indicates p-type electronic conduction
at high pO2. The expected 1/4 slope (see Tab. 6.3) becomes obvious by
subtracting the ionic part from the total conductivity (not shown).
The comparison of Figs. 7.7–7.9 shows almost identical conductivities
of nominally undoped and donor doped polycrystalline langasite in the pO2
independent range, i.e. at medium pO2. The equality is seen as coincidental
phenomenon since the predominant charge carrier type diﬀers. At low pO2,
donor doping leads to enhanced electronic conduction.
Acceptor doping increases the conductivity by about one order of mag-
nitude at medium pO2 as illustrated in Fig. 7.10. The fact goes along with
the increase in oxygen diﬀusion by about one order of magnitude as seen in
Fig. 7.1 for polycrystalline langasite and conﬁrms the dominance of ionic
conduction. Further, the result corresponds to the conductivity predic-
tion according to Fig. 6.4 for an increase in net donor concentration from
[A′C ] − [D•C ]  0 to 1 % Sr. These statements remain largely true for high
pO2. Even at pO2 = 0.2 bar, the p-type electronic conduction causes an in-
crease in conductivity of about 7 %, only. Fully p-type conduction is expected
for higher doping levels and/or higher pO2.
In the pO2 independent range, the temperature dependence of the con-
ductivity-temperature product enables to extract the activation energy of
the ionic transport in nominally undoped and acceptor doped langasite. The
property is visualized in Fig. 7.11. The activation energy of the electron
transport in donor doped langasite is found to be 0.91 eV which is inter-
preted as sum of donor ionization and electron migration energies [43]. The
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Figure 7.7: Oxygen partial pressure dependent conductivity of nominally un-
doped polycrystalline langasite taken from [43].
Figure 7.8: Oxygen partial pressure dependent conductivity of donor doped poly-
crystalline langasite (5 % Nb) taken from [43].
Figure 7.9: Oxygen partial pressure dependent conductivity of acceptor doped
polycrystalline langasite (1 % Sr) taken from [43].
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Figure 7.10: Oxygen partial pressure dependent conductivity at 1000◦C for nom-
inally undoped, acceptor (1 % Sr) and donor (5 % Nb) doped polycrystalline lan-
gasite.
activation energy for strontium doped langasite is signiﬁcantly larger which
goes along with the activation energy of the oxygen diﬀusion. Numerical
values for the activation energies are summarized in Tab. 7.2.
Single Crystalline Langasite
First, the magnitude of the conductivity of nominally undoped single crys-
talline and polycrystalline langasite is compared. Fig. 7.12 shows orientation
dependent conductivities for the single crystalline material which diﬀer by
about one order of magnitude. The eﬀective conductivity of polycrystalline
materials results from the statistical orientation of the grains. The limits are
given by [112]
3
√
σ2xσz ≤ σB ≤
1
3
(2σx + σz) (7.8)
and indicated in Fig. 7.12. It is clearly obvious that the measured conduc-
tivity of polycrystalline langasite falls within these limits. Consequently, the
diﬀerently prepared materials satisfy this condition necessary to be compa-
rable.
The electrical conductivity of undoped langasite as presented in Fig. 7.13
shows a clear change in activation energy at about 700◦C. The observation
is highly remarkable since it indicates a change in the dominant conduction
mechanism. The suspicion is supported by the following arguments:
• The electronic conduction dominates below about 700◦C. The compar-
ison with the ionic conductivity as done in Section 7.3 supports this
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Figure 7.11: Arrhenius plot of the conductivity-temperature product for nomi-
nally undoped and acceptor (1 % Sr) doped polycrystalline langasite in the pO2
independent range and indication of the respective activation energy.
Table 7.2: Activation energy of the conductivity in langasite in the pO2 indepen-
dent range.
langasite property EA [ eV] temperature range [
◦C]
sc σB 0.82 400 . . . 700
σBT 1.15 700 . . . 1050
sc (0.5 % Sr) σBT 0.98 400 . . . 550
σBT 1.39 550 . . . 950
sc (0.5 % Nb) σB 0.91 400 . . . 550
σB 1.29 550 . . . 950
pc σBT 0.91 750 . . . 1000
pc (1 % Sr) σBT 1.27 700 . . . 1000
pc (5 % Nb) σB 0.91 700 . . . 1000
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Figure 7.12: Electrical conductivity of langasite single crystals (σx = σy and σz)
and of polycrystalline langasite (σB) at pO2 = 0.2 bar. The predicted range of the
eﬀective conductivity of polycrystalline langasite (σeﬀ) is indicated.
statement. Further, the activation energy of the total conductivity of
n-type polycrystalline (donor doped) and single crystalline langasite is
close and, in particular, lower than that of the oxygen diﬀusion. The
facts become obvious by the values in Tabs. 7.2 and 7.1.
• The ionic conduction takes over the total conductivity above about
700◦C. The activation energy of the oxygen diﬀusion is found to be
higher than that of the electronic conduction which leads to an in-
creased impact of the former with increasing temperature. Further,
similar activation energies of the total conductivity and the oxygen
diﬀusion are observed in this temperature range.
• The previous arguments are strongly supported by a direct demonstra-
tion of the change in dominating charge carrier type by measurements
of the ionic transfer number [113]. The eﬀect is shown at 720◦C for the
langasite-related compound langatate (La3Ta0.5Ga5.5O14).
These arguments turn the above mentioned suspicion in a fact, i.e. the con-
duction in the nominally undoped langasite prepared by the Czochralski
technique is dominated by electronic carriers below 700◦C and turns in pre-
dominant ionic conduction above that temperature. In other words, the ma-
terial behaves like net donor and acceptor doped langasite below and above
700◦C, respectively. Since undoped langasite is always operated close to this
transition, the presumably strong eﬀect of moving oxygen ions on damping
must be expected even at low temperatures.
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Figure 7.13: Conductivity of nominally undoped, 0.25 % Sr and 0.5 % Pr doped
single crystalline langasite as well as conductivity of a strontium doped layer at
pO2 = 0.2 bar.
Further, the impact of dopants must be discussed. Fig. 7.13 compares the
conductivity of nominally undoped, 0.25 % Sr and 0.5 % Pr doped langasite
single crystals. It becomes obvious that light doping changes the conductivity
in a minor way. The defect model predicts a relatively weak impact of the
dopant concentration if the material is not perfectly compensated. Assuming
for example [A′C ]− [D•C ] = −1 %, the increase of the acceptor concentration
by 0.25 % would decrease the conductivity by a factor of 0.84 (see Fig. 6.4).
Donor doping by 0.5 % would increase the conductivity by a factor of 1.18.
Such changes are hardly measurable. The conductivity change of niobium
doped langasite goes along with the expected trend. The letter statement
does not apply for praseodymium doped langasite. Therefore, it is under
question, if praseodymium is ionized thereby acting as donor (see Tab. 6.2).
In order to exclude the latter option, further attempts to dope langasite by
donors are done using niobium. Its eﬀect on the conductivity is already
demonstrated in case of polycrystalline langasite.
The expected eﬀect of strontium on the conductivity is veriﬁed by locally
doped areas which are prepared by inward diﬀusion of strontium using SrO
as source. The langasite samples evaluated here exhibit a strontium concen-
tration of up to 6×1021 cm−3 in an eﬀectively 2.7 µm thick surface layer.
About 60 % of lanthanum are expected to be replaced by strontium which is
in agreement with the option to replace lanthanum largely [26]. The conduc-
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Figure 7.14: Conductivity of nominally undoped, 0.5 % Sr and 0.5 % Nb doped
single crystalline langasite at pO2 = 0.2 bar.
tivity prediction according to Fig. 6.4 points to an increase in conductivity
by some orders in magnitude if langasite is highly acceptor doped. The ex-
pectation corresponds to the measured change in conductivity of the locally
doped area by three to four orders in magnitude as visualized in Fig. 7.135.
The result conﬁrms the eﬀect of strontium doping predicted by the defect
model. However, quantitative comparisons should not be given since the ex-
trapolation of the conductivity prediction to high dopant levels as well as the
determination of the conductivity of the doped area is a rough estimation,
only.
Further, a second homogenously doped langasite crystal containing 0.5 % Sr
is investigated. The material shows a considerable decrease in conductivity
as visualized in Fig. 7.14. However, it cannot be decided whether the mate-
rial is net donor or acceptor doped. The two branches for [A′C ]− [D•C ] ≶ 0 in
Fig. 6.4 show identical conductivities for doping levels of diﬀerent sign. The
activation energy delivers the required information. The value of 1.39 eV
for σT (see Tab. 7.2) indicates ionic conduction in the temperature range
from 550 to 950◦C since it corresponds roughly to the activation energy of
the oxygen diﬀusion and the conductivity of strontium doped polycrystalline
material.
Doping with 0.5 % Nb is performed in order to explore the eﬀect of donors.
Niobium doped langasite shows a lower conductivity than undoped single
crystals. Obviously, the material is eﬀectively compensated. Remarkably, the
5The impact of the underlaying undoped langasite is corrected.
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Figure 7.15: Oxygen partial pressure dependent conductivity of langasite in
hydrogenous and nominally hydrogen free atmospheres.
activation energy of the conduction is lower than that of strontium doped
langasite thereby indicating suppressed ionic conduction. The observation
supports the defect model. As a consequence, the material is expected to
show lower losses than nominally undoped or strontium doped langasite.
The statement originates from the presumably stronger interaction of moving
oxygen ions and lattice in comparison to that of electrons and lattice. Related
discussions follow in Section 8.
7.4.2 Hydrogen Containing Atmospheres
The pO2-dependence of the conductivity in hydrogenous atmospheres diﬀers
from that in nominally hydrogen free atmospheres. The fact is visualized
in Fig. 7.15 where the conductivity decreases with decreasing pO2. The dif-
ference in conductivity by about half an order of magnitude at 800◦C goes
along with the fact that y-cut single crystalline and polycrystalline langasite
are compared. Consequently, the origin of the decreasing conductivity with
decreasing pO2 remains to be explained. The further discussion is preferably
done using the pH2O-dependence of the conductivity since the correspond-
ing equations for z-cut and y-cut langasite introduced in Section 6.3 show
distinct relations (Eq. 6.34 and Eq. 6.30, respectively).
The experimental results presented in Fig. 7.16 indicate a 1/2 dependence
of the conductivity along the z-axis at 800◦C in the log−log plot. The same
applies at 600◦C (not shown). Thereby the water incorporation according to
Eq. 6.29 is conﬁrmed.
For the actual resonators, the properties along the y-axis are of particular
interest. Here, Fig. 7.16 shows a 1/2 − 0.07 and 1/2 − 0.3 dependence at
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Figure 7.16: Water vapor pressure dependent conductivity of single crystalline
langasite at 800 (solid symbols) and 600◦C (open symbols). The shape of the sym-
bols corresponds to diﬀerent levels of hydrogen provided to the reaction chamber
(pRTH2 = 2 . . . 18 mbar) [80, 114].
600 and 800◦C, respectively. The exponent at 600◦C is very close to 1/2
thereby conﬁrming Eq. 6.35 which describes the conductivity for ﬁxed oxygen
vacancy concentration. At 800◦C, the exponent found in the experiment
indicates an impact of the oxygen vacancy concentration. It corresponds to
the predicted value for proton conduction for α = 3.6 (see Eq. 6.36) and
conﬁrms the reaction according to Eq. 6.33. Numerous other tested models
could not fulﬁll the experimentally determined pH2O-dependence of σY and
the pRTH2 independence of the conductivity. The latter becomes obvious by
the diﬀerent symbols in Fig. 7.16 which lie on a line for a given orientation
and temperature.
7.5 Gallium Loss
So far, reversible changes in materials properties of langasite are reported.
However, unfavorable conditions such as extremely high temperatures and
low oxygen partial pressures are suspected to reduce the material or to result
in gallium loss. Reduction of langasite leading to irreversible modiﬁcations is
not observed for the experimental conditions described in the previous sec-
tions. In contrast, gallium loss occurs at 900◦C at or below pO2 = 10−17 bar
in CO/CO2 atmospheres. Fig. 7.17 presents SIMS depth proﬁles for the
cations gallium, lanthanum and silicon. Thereby, the acquired data are nor-
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Figure 7.17: Concentration depth proﬁles for the gallium, lanthanum and silicon
after diﬀerent annealing steps (see text) determined by SIMS.
Table 7.3: Surface concentration after annealing (900◦C, pO2 = 10−17 bar, 24 h)
determined by Wavelength Dispersive X-ray spectroscopy (WDX).
concentration c [%] cGa/cSi
La Ga Si O
26.01 9.44 8.94 55.62 1.06
malized to the background concentration of given elements within langasite.
The curves denoted by (1) are determined after annealing of single crystalline
langasite for 24 h at the conditions mentioned above. A signiﬁcant decrease
in gallium concentration is observed in a surface region of about 1.5 µm.
Obviously, the gallium concentration forms a plateau near the surface and
does not fall below about 5 % which corresponds to the ratio of gallium to
silicon of about unity at the surface (see Tab. 7.3). The observations imply
that only sixfold coordinated gallium at the B-sites remains in the sample.
The occurrence of the B-site is 4.3 %. In other words, the fourfold coordi-
nated gallium is obviously removed from the lattice. Unfortunately, analysis
by X-Ray Diﬀractometry (XRD) do not deliver conclusive information about
the phase at the surface.
A second annealing of the same sample in air (900◦C, 24 h) results in an
increase in gallium concentration at the surface. In particular, the formerly
gallium-depleted area is almost ﬁlled by outward diﬀusion of gallium. The
curve denoted by Ga(II) in Fig. 7.17 visualizes the situation. Consequently,
the gallium loss at the surface must be largely suppressed at high pO2. The
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Figure 7.18: Gallium surface exchange coeﬃcients for single crystalline langasite
at ambient oxygen partial pressure.
observation goes along with that for Ga2O3 reported in [115] where the partial
pressure of the volatile gallium suboxide Ga2O decreases with increasing pO2.
The annealing leads to a decrease of the total gallium content. An uniform
decrease is expected for low evaporation rates where the chemical diﬀusion
maintains a nearly constant gallium concentration. However, small changes
as estimated for the actual sample cannot be detected due to the limited
resolution of the analytical tools. Therefore, the gallium loss is determined
using the surface exchange coeﬃcient KGa which is a secondary result of the
diﬀusion measurements6. It must be noted that the diﬀusion annealing is
performed in air. In order to bach up the approach, the surface exchange
coeﬃcients are calculated from the diﬀerence in the integrals of the gallium
concentration proﬁles determined by SIMS before and after annealing. The
diﬀerence provides information about the gallium loss for a given annealing
time. The surface exchange coeﬃcients determined by both approaches are
presented in Fig. 7.18. The diﬀerence of the results is fairly small and can
be explained by the errors of measurement.
If the surface exchange determines the gallium loss solely, samples held
at 750 and 900◦C in air lose one monolayer of gallium (6.6×1014 atoms/cm2)
within 10 and 1 h, respectively. Therefore, the gallium loss is negligible at
750◦C and high pO2. Even at 900◦C a surface layer of 1.5 µm would be
6Comments about the data evaluation are given in Sections C.5.
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depleted within 160 days, only7. The situation changes in reducing CO/CO2
atmospheres as demonstrated above. At 900◦C, the gallium loss is increased
by a factor of 160.
An essential consequence for the operation of langasite-related compounds
under extreme conditions, i.e. high temperatures and reducing CO/CO2
atmospheres, is to use compositions which contain less gallium. A possi-
bly suited gallium-free material is La3SbZn3Ge2O14 [116]. Compounds like
La3Ga5−xAlxSiO14 [117], Ca3NbGa3Si2O14 [118, 119], Ca3TaGa3Si2O14 [120].
Sr3TaGa3Si2O14 [121] and Sr3NbGa3Si2O14 [122] contain less gallium which
is, however, predominantly accommodated at its C-site. Provided that the
above mentioned suspicion about the stability of gallium at the B-site is true,
the latter materials would not be advantageous. Related investigations are,
however, not the subject of this work.
7The estimation ignores the chemical diﬀusion of gallium within langasite.
Chapter 8
CorrelationofElectromechanical
Properties andDefectChemistry
In this chapter the electromechanical properties and the defect chemistry of
langasite described in in the previous sections is correlated.
8.1 Gas Atmosphere Dependent Frequency
In order to take advantage of the high mass resolution of langasite resonators,
atmosphere-independence of the resonance frequency must to be ensured.
Therefore, this section focuses on mapping the regimes of gas insensitive
operation of langasite resonators and the correlation to langasite’s defect
chemistry for temperatures up to 1000◦C. For the discussion, frequency ﬂuc-
tuations equivalent to noise of ± 4 Hz (see Section 5.5) are taken as criterion
to determine the pO2 range of stable operation.
8.1.1 Hydrogen Free Atmospheres
First, CO/CO2 atmospheres are regarded since additional mass loads are
expected due to the incorporation oh hydrogen or OH-groups. In the absence
of hydrogen, the most relevant feature of the defect model vis-a-vis analysis
of resonator operation is the formation of oxygen vacancies [V ••O ] at low pO2.
In case of net acceptor concentration [A′C ] > [D
•
C ], the concentration of
oxygen vacancies is ﬁxed according to Eq. 6.18 by 2[V ••O ] ≈ [A′C ] at high
pO2. Consequently, mass and frequency of langasite resonators are expected
to be constant. With decreasing pO2, the reduction reaction controls the
concentration of electrons and oxygen vacancies. Based on the neutrality
condition 2[V ••O ] = n+ [A
′
C ] and the reaction constant according to Eq. 6.26,
changes in [V ••O ] are calculated and converted into a fractional density change
(∆ρR/ρR) by relating the mass of formed [V
••
O ] (∼ ∆ρR) and the mass of
the resonator material (∼ ρR). The corresponding frequency shift ∆f is
calculated using Eq. 5.11 and visualized in Fig. 8.1 for f = 5 MHz.
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Figure 8.1: Calculated relative mass change and frequency shift of 5 MHz lan-
gasite resonators as function of oxygen partial pressure for diﬀerent acceptor and
donor concentrations at 800 and 1000◦C.
At 1000◦C, the calculated frequency shift exceeds the limit of ± 4 Hz below
pO2 = 10
−17 bar, whereas resonators are expected to be stable down to 10−24
and 10−36 bar at 800 and 600◦C, respectively. Fig. 8.1 shows further that the
mass change, i.e. the formation of oxygen vacancies, already begins (∆[V ••O ] >
1015 cm−3) at about 10−5 and 10−14 bar at 1000 and 800◦C, respectively. In
contrast, the oxygen vacancy concentration remains unchanged (∆[V ••O ] <
1015 cm−3) down to 10−25 bar at 600◦C (not shown in Fig. 8.1). In case of
net donor doped langasite, a similar approach can be followed and results in
a slightly smaller range of independent operation (dashed lines in Fig. 8.1).
8.1.2 Hydrogen Containing Atmospheres
So far, the impact of hydrogenous species on the conductivity is presented.
The reaction according to Eq. 6.33 includes the incorporation of OH-groups.
Therefore, frequency shifts related to the resonator density are expected. Un-
der the experimental conditions chosen here, pH2O is ﬁxed (∆ log(pH2O[bar] <
10−3) due to the H2/H2O buﬀer above pO2 ≈ 10−20 and 10−13 bar at 600 and
800◦C, respectively. Therefore, a constant frequency is expected above that
pO2’s.
The frequency shift is investigated experimentally by tracing the reso-
nance frequency for pO2 = 10
−6 . . . 10−25 bar at 600◦C. Thereby, a 2.1 MHz
resonator is used. The observed resonance frequency shift ∆f2.1 = f2.1(pO2)−
f2.1(p
0
O2) is converted into values for 5 MHz resonators ∆f by
∆f(pO2) =
5 MHz
f2.1(p0O2)
∆f2.1(pO2) (8.1)
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thus enabling a direct comparison with the standard resonators. Thereby, p0O2
is chosen to be 10−10 bar. The result is shown in the upper part of Fig. 8.2.
The resonance frequency remains constant above about pO2 = 10
−20 bar. Be-
low that pO2, the resonance shifts to higher frequencies. At pO2 = 10
−25 bar,
∆f ≈ 1200 Hz is found. The change occurs at a pO2 signiﬁcantly higher than
pO2 = 10
−36 bar which is the lower limit of constant conductivity in CO/CO2
atmospheres at 600◦C. The fact indicates a minor impact of mechanisms
which determine the conductivity under these circumstances. In particu-
lar, the concentration of oxygen vacancies [V ••O ] is expected to be virtually
constant.
A detailed discussion requires the separation of the materials parameter
related contributions to the frequency shift. For that purpose, the resonance
spectra are analyzed using the one-dimensional physical model. First, the
BvD parameters are extracted and converted into the materials parameters
as described in Section 2.3.4. Intermediate results are their relative changes
∆[..]/[..] as function of pO2. Secondly, Eq. 3.1 is rewritten to determine the
frequency shift
∆f =
∂f
∂[..]
∆[..] = fκ[..]
∆[..]
[..]
. (8.2)
The calculation refers to 5 MHz resonators, i.e. f is chosen to be 5 MHz. The
values of the relative derivatives κ[..] required for the calculation are taken
from Section 5.6 (see e.g. Figs. 5.4, 5.8, 5.9 and 5.10). It must be noted that
frequency shifts related to changes in shear modulus and density cannot be
separated. The fact becomes obvious from Eq. 5.7. Therefore, the calculation
is initially done for ρ = const. The related change in density follows from
ρR(pO2) = ρR(p
0
O2)
c66(p
0
O2)
c66(pO2)
. (8.3)
The central part of Fig. 8.2 shows the frequency shift caused by the pO2
dependence of the materials parameters. The result indicates a predominant
impact of c66 or ρR. Changes caused by the other materials parameters are
almost negligible (σR and εR) or small (eR). Tab. 8.1 presents the numerical
results, since accurate numbers cannot be taken from the plots.
Finally, the question must be discussed whether changes in shear modulus
or density determine the frequency shift predominantly. The left and right
hand scale in the bottom part of Fig. 8.2 indicate their pO2-dependence,
respectively, if the other property is ﬁxed.
According to Eq. 6.33, H2O is removed from the lattice with decreasing
pH2O. The situation corresponds to decreasing pO2’s. Consequently, the
calculated decrease in density goes along with the model which is already
conﬁrmed by the pH2O-dependence of the conductivity (Fig. 7.16). Further,
from ∆ρR/ρR = −5.2 × 10−4 follows ∆nH2O ≈ −1020 cm−3 which requires
the existence of about 1020 oxygen vacancies per cm−3. The latter sounds
about reasonable with respect to
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Figure 8.2: Resonance frequency shift (top), materials parameters related fre-
quency shift contributions (center), shear modulus and density (bottom) as func-
tion of pO2 in hydrogen containing atmospheres at 600◦C. Note the inverse scale
for ρR.
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Table 8.1: Relative derivatives of the materials properties, relative changes in
materials properties and absolute frequency shift contributions of 5 MHz resonators
for changes in pO2 from 10−10 to 10−25 bar in hydrogen containing atmospheres
at 600◦C.
[..] c66 ( ρR ) eR εR σR
κ[..] 0.49 6.2×10−3 -3.1×10−3 -8.2×10−6
∆[..]/[..] 5.2×10−4 ( -5.2×10−4 ) -6.1×10−3 -5.3×10−3 3.8×10−2
∆f [Hz] 1300 -190 82 -2
• The oxygen sites available in langasite (5× 1022 cm−3) and
• The oxygen vacancy concentration reported in [32] for nominally un-
doped single crystalline langasite of 1019 cm−3.
Based on these insights, the frequency shift can be described by the removal
of OH-groups at low pO2. The model is in accordance with conductivity
changes which makes it a likely explanation. However, an impact of pO2 on
the shear modulus can not be excluded entirely.
At 800◦C, density changes and related frequency shifts are expected be
even stronger. More important, 5 MHz langasite resonators are already oper-
ated close to its dielectric relaxation frequency. Consequently, the impact of
conductivity changes on the resonance frequency becomes pronounced. With
κσ = −5.5 × 10−4 (see Fig. 5.8) and ∆σ/σ = 0.19 (see Fig. 7.15) follows
∆f = −522 Hz. Such frequency shifts prevent the application of langasite
resonators as resonant sensors. Consequently, operation frequencies far oﬀ
the dielectric relaxation frequency have to be chosen (see also Section 8.2.1).
As discussed in Section 7.4.1, the calculated frequency shift induced by
redox related reactions in nominally hydrogen free atmospheres only exceeds
the limit of ± 4 Hz at fairly low pO2’s. Water vapor is found to shift the
resonance frequency already at higher pO2’s. In the hydrogen containing
atmospheres applied here, langasite can be regarded as a stable resonator
material above oxygen partial pressures of about 10−20 and 10−13 bar at 600
and 800◦C, respectively.
8.2 Correlation of Loss and Conductivity
8.2.1 Dielectric Relaxation Frequency
Mechanical losses include contributions related to the electrical conductivity.
Piezoelectric coupling causes this impact of electrical properties as already
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Figure 8.3: Dielectric relaxation frequency fε calculated for the conductivity of
nominally undoped langasite (fε(σR)) and for a conductivity reduced by a factor
of 10 (fε(0.1σR)). The corresponding ranges of pronounced conductivity related
frequency shifts are indicated by the gray and hatched area, respectively.
mentioned in Section 2.2.2. Its maximum is found at the (angular) dielectric
relaxation frequency ωε = σR/εR. The corresponding frequency fε = ωε/(2π)
for nominally undoped langasite is denoted by fε(σR) in Fig. 8.3
1. Any
operation frequency oﬀ that curve is advantageous since the contribution of
the conductivity to the mechanical loss would be low.
Further, the resonance frequency is inﬂuenced by the conductivity in the
vicinity of the dielectric relaxation frequency. Detailed insights provide the
relative derivatives κσ in Fig. 5.8. A temperature diﬀerence ∆T of at least
250 K between maximum (at 925◦C) and small impact (below 675◦C) of the
conductivity can be estimated. Assuming the same temperature diﬀerence of
± 250 K for other operation frequencies than 5 MHz, the unfavorable range
of conductivity aﬀected resonance frequencies follows. It corresponds to the
gray area in Fig. 8.3. For example, 5, 10 and 15 MHz resonators should be
used up to about 675, 760 and 810◦C, only. Consequently, the choice of an
increased resonance frequency does not increase the recommended temper-
ature limit signiﬁcantly. One option to overcome the problem is to modify
the conductivity as presented in Section 7.4. For a conductivity reduced by
a factor of 10 with respect to nominally undoped langasite, the dielectric
relaxation frequency denoted by fε(0.1 σR) in Fig. 8.3 is calculated. The
corresponding range of strongly conductivity aﬀected frequencies is given by
the hatched area. The eﬀect of the decreased conductivity is clearly obvious.
The recommended operation temperatures are shifted to signiﬁcantly higher
1Frequencies given above 1050◦C base on extrapolated values for σR and εR.
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values, namely 1000, 1110 and 1185◦C for 5, 10 and 15 MHz resonators,
respectively.
Thinking reverse, low frequency resonators can be operated at temper-
atures above the unfavorable range. For example, 5 MHz resonators are
expected to be usable again above about 1200◦C. Despite of increased vis-
cosity and bulk conductivity related losses, the approach might be reasonable
since
• The viscosity related loss plays a minor role above about 650◦C (see
Fig. 5.5) and
• The increase of GS (∼ σR) might lead to tolerable restrictions of the
accuracy in frequency determination (see Fig. 2.8).
The discussion clearly underlines the importance to tailor the conduc-
tivity of langasite depending on the anticipated operation temperature and
frequency.
8.2.2 Nominally Undoped Langasite
In this section, the activation energies of loss and conductivity are compared
in order to decide if both properties are potentially determined by the same
microscopic mechanism.
Initially, temperature ranges appropriate for that comparison must be
identiﬁed. The experimental results (Fig. 5.5) in concert with the parameter
study (Figs. 3.11, 3.12 and 3.19) predict distinct temperature ranges where
diﬀerent phenomena dominate the loss of 5 MHz langasite resonators:
(1) Room temperature to 350◦C.
A local loss maximum is observed at about 250◦C (see Fig. 5.5). The
extend of the peak depends on the thermal history of the sample as also
reported in [79, 123]. Further, the observation is in general agreement
with results presented in [81]. An activation energy of 0.34 eV for point-
defect relaxation and an Arrhenius like background behavior with an
activation energy of 0.1 eV (see Fig. 8.6) are reported at temperatures
up to about 350◦C. This loss peak is of minor interest for this work
since other mechanisms overwhelm its eﬀect at high temperatures.
(2) 350 to 650◦C.
The loss is governed by the viscosity2. However, the previously de-
scribed loss peak inﬂuences the slope of the viscosity in this tempera-
ture range. The situation is shown schematically in Fig. 8.4. At some
elevated temperature, the curve for η appears to be nearly linear in
the Arrhenius plot3. With decreasing temperature, the curve becomes
2Related loss contributions are Rη and Qc,η in Figs. 3.10 and 3.19, respectively.
3The subscript of ηR is skipped in this section.
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Figure 8.4: Scheme of the viscosity with (η) and without (η−η0) its temperature
independent contribution η0.
ﬂatter. A temperature independent contribution η0 can be subtracted
which results in an Arrhenius like behavior of η−η0 as shown in Fig. 8.4.
This contribution is interpreted as sum of losses applying in range (1)
and losses caused by imperfect resonator design, manufacturing, elec-
trodes and mounting. An analogous subtraction of the background loss
is chosen in [81] and [83] for langasite and quartz, respectively4.
The modiﬁed viscosity η − η0 is not impacted by either background
contributions, conductivity related mechanical loss5 or bulk conduc-
tivity and enables to extract the activation energy of the dominant
mechanism as done at the end of this section.
(3) 650 to 1050◦C.
The loss is governed by the viscosity, conductivity related mechanical
loss and bulk conductivity. Thus, a single activation energy cannot be
extracted.
In Summary, the intended comparison of the activation energies can be
done only in range (2) where the loss is determined solely by the viscosity.
Fig. 8.5 presents η−η0 as function of the inverse temperature and the related
activation energy. The value of 0.83 eV corresponds very well to that of the
conductivity (see Tab. 8.2). Consequently, it is highly likely that the predom-
inant conductivity mechanism also controls mechanical loss in temperature
range (2). Based on the apparent correlation of conductivity and viscosity,
lowering the electrical conductivity should result in lowering of damping and
is, therefore, desirable.
4In both publications, the inverse resonator quality factor is used to describe the loss.
5Piezoelectric coupling in the vicinity of the dielectric relaxation frequency.
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Figure 8.5: Viscosity of undoped langasite without its temperature independent
contribution.
The latter conclusion applies in range (3) without any restrictions since
conductivity related losses dominate (see Fig. 5.5).
8.2.3 Strontium and Niobium Doped Langasite
The eﬀect of dopants on the loss is discussed separately for temperature
ranges (2) and (3).
Temperature range (2) from 350 to 650◦C
In order to provide comprehensive information, the loss of nominally un-
doped, strontium and niobium doped langasite is presented in form of the
uncorrected viscosity in Fig. 8.6. The doped crystals show signiﬁcantly lower
background losses than the undoped material. This fact concerns tempera-
ture range (1) and is, therefore, not subject of the further discussion.
Fig. 8.7 presents the corrected viscosities. Niobium doped langasite ex-
hibits a decreased viscosity and, therefore, a decreased loss with respect to
undoped langasite. Contrary, strontium doped langasite does not show any
change in viscosity. The observation must be discussed in concert with the
conductivity of the diﬀerently doped crystals. They exhibit about the same
change with respect to undoped langasite as seen in Fig. 7.14. Consequently,
decreased conductivities go along with decreased losses in case of donor dop-
ing, only. In other words, the suppression of oxygen vacancies by donors de-
creases the loss. The observation conﬁrms the expected stronger interaction
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Figure 8.6: Viscosity of nominally undoped, strontium and niobium doped lan-
gasite.
Figure 8.7: Viscosity of nominally undoped, strontium and niobium doped lan-
gasite without its temperature independent contribution.
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Table 8.2: Activation energy of viscosity and conductivity in langasite.
langasite property EA [ eV] temperature range [
◦C]
sc σB 0.82 400 . . . 700
η − η0 0.83 400 . . . 600
sc (0.5 % Nb) σB 0.91 400 . . . 550
η − η0 0.95 420 . . . 580
sc (0.5 % Sr) σBT 0.98 400 . . . 550
η − η0 0.83 400 . . . 600
of moving oxygen ions and lattice in comparison to that of electrons and lat-
tice. Most remarkably, minimized losses do not require generally minimized
total conductivity. In particular, the ionic contribution must be lowered in
temperature range (2).
Further, similar activation energies of σB and η − η0 are observed for
undoped and niobium doped langasite, respectively. The statement becomes
obvious from the numerical values summarized in Tab. 8.2. The fact indicates
the control of both processes by the same mechanism. Contrary, the activa-
tion energies of σBT and η − η0 diﬀer in case of strontium doped langasite
thereby indicating diﬀerent mechanisms.
Temperature range (3) from 650 to 1050◦C
In temperature range (3), the loss is described by the (inverse) Q-factor since
the sum of diﬀerent loss phenomena have to be regarded.
Fig. 8.8 compares the loss of undoped and doped langasite. Strontium
doping decreases the loss slightly whereas niobium doping causes strong low-
ering of loss. The observed pattern in magnitude corresponds to that of
the conductivity in temperature range (3) as presented in Fig. 7.14. Conse-
quently, lowering the conductivity results generally in decreased losses.
The latter statement corresponds to the dominance of conductivity re-
lated losses in the actual temperature range for undoped langasite. The va-
lidity of the statement for doped langasite can be seen from the comparison
of Q−1 and η as presented in Fig. 8.96. The results indicate the dominance
of conductivity related loss above about 650 and 700◦C for strontium and
niobium doped langasite, respectively.
6The alignment of the left and right hand axis is done for data points in temperature
range (2) where the viscosity dominates the loss solely (see also Fig. 5.5).
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Figure 8.8: Resonator quality factor of undoped, strontium and niobium doped
langasite.
Figure 8.9: Resonator quality factor (Q, open symbols) and viscosity (η − η0,
solid symbols) of strontium and niobium doped langasite.
Part III
Application Relevant Studies
and Outlook
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Chapter 9
Application Relevant Studies
Application relevant studies are performed in parallel to the investigation
of the electromechanical properties and defect chemistry presented so far.
The following sections summarize this results thereby underlining the appli-
cation capabilities of high-temperature stable piezoelectric materials. The
corresponding details are described in the references given below.
9.1 Gas Sensor Applications
The section demonstrates the gas sensing capabilities of sensor ﬁlm coated
langasite resonator devices at 600◦C. It is already shown that the electrome-
chanical properties of undoped langasite are suited for the operation of 5 MHz
resonators at this temperature.
Stoichiometry changes induced in metal oxide ﬁlms and related surface
adsorption phenomena can be used for gas sensing at elevated temperatures.
Variations in the composition of the surrounding gas atmosphere are ex-
pected to inﬂuence simultaneously the mechanical and electrical properties
of the sensor ﬁlm, in particular its mass, and its electrical conductivity (see
Appendix B) thereby providing often orthogonal information about the gas.
In order to increase the gas selectivity, the simultaneous measurement of
changes in mechanical and electrical sensor ﬁlm properties is desirable.
The eﬀect of both properties is detected using TiO2−δ coated langasite
resonators with specially adapted electrode geometries. Platinum electrodes
with diﬀerent diameters are deposited on the opposite faces of the resonators
as schematically shown in the upper part of Fig. 9.1. Thereby, resonator (M)
is operated in the conventional microbalance mode. Changes in TiO2−δ con-
ductivity do not inﬂuence the resonance behavior since the underlying plat-
inum electrode is larger than the platinum ﬁlm. Contrary, resonator (E)
reﬂects changes in the TiO2−δ conductivity due to its inﬂuence on the ef-
fective electrode size. In this case, the TiO2−δ ﬁlm exceeds the underlying
platinum electrode. The electrode layout and the related eﬀects are explained
in detail in [45, 124].
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Figure 9.1: Resonance frequency of TiO2−δ coated langasite resonators with dif-
ferent electrode design as function of oxygen partial pressure at 600◦C in diﬀerent
H2/H2O and CO/CO2 containing atmospheres.
The existence of a combined conductivity and mass related sensor re-
sponse motivates the attempt to distinguish between CO and H2 containing
gases. Fig. 9.1 presents temperature-compensated frequency shifts ∆fIC ob-
tained as a function of the oxygen partial pressure at about 600◦C for gas
mixtures of H2/H2O and CO/CO2 with Ar as buﬀer gas. While the response
of resonator (E) appears to be inﬂuenced only by the pO2, resonator (M)
reﬂects the type of gas. In practice, where the pO2 is unknown, the signal of
resonator (E) has to be used to acquire this information. Most important,
the diﬀerent slope and magnitude of the frequency shift of both resonators
enables the detection of CO in hydrogen containing atmospheres in the pO2
range from 10−13 to 10−20 bar. Further investigations include other sen-
sor ﬁlm materials such as CeO2 which enable gas detection at higher pO2’s
[39, 125].
9.2 Micro-Electromechanical Structures
The availability of large size langasite wafers enables micromachining of this
high-temperature stable piezoelectric material. Special emphasizes is taken
on the development of monolithic structures to overcome problems originat-
ing from thermal stress. The concept includes the local doping of langasite
by niobium, strontium and praseodymium. The doping is expected to result
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Figure 9.2: Depth proﬁles of a biconvex langasite membrane prepared by wet
chemical etching (left) and schematic cross section of the membrane indicating the
areas of the depth proﬁles (right).
in locally increased conductivities to form electrodes. Another anticipated
eﬀect is the modiﬁcation of the rate of wet chemical etching and, thereby,
the option to etch the material locally.
To demonstrate the etching process and the potential of langasite as sub-
strate for bulk micro-machining, micro-cantilever beams [126, 127] and mem-
branes [38, 128] are designed and structured. As an example, the depth pro-
ﬁle of a biconvex membrane is shown in Fig. 9.2. Such membranes exhibit
higher Q-factors than the planar membrane type.
Further, the temperature dependent resonance frequency and Q-factor
of an about 23 µm thick langasite membrane are given in Fig. 9.3. Due
to the high resonance frequency, such membranes are operated far above
their dielectric relaxation frequency (see Fig. 8.3) leading to relatively low
electrical losses [128].
9.3 High-temperature Stable Electrodes
Thin ﬁlm platinum electrodes used in this work are prepared by PLD. They
impact the resonance behavior very little due to their thickness of typically
200 nm, only. However, evaporation of volatile platinum suboxides and ag-
glomeration of platinum [129] are a major concerns if thin ﬁlms are used. As
a consequence, the operation temperature is limited to about 1000◦C. Mesh-
printed platinum electrodes can be used at higher temperatures. Such ﬁlms
are signiﬁcantly thicker which results in less pronounced relative changes of
their properties for a given period of time and temperature. However, the
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Figure 9.3: Temperature dependent resonance frequency and resonator quality
factor of an about 23 µm thick langasite membrane.
fundamental problem of platinum loss is not solved.
An alternative approach is the application of ceramic electrodes. Low
conductivities of such materials occurring at low temperatures are not rele-
vant as long as the operation temperature is high. In order to demonstrate
this option, lanthanum strontium manganate ((La0.8Sr0.2)0.98MnO2−d) elec-
trodes are applied. Fig. 9.4 shows the resulting temperature dependence of
resonance frequency and Q-factor up to 1350◦C. The resonance frequency is
not aﬀected by the alternative electrode material as it becomes obvious by
the comparison with the gray dashed line which is taken from measurements
using thin ﬁlm platinum electrodes (T = room temperature. . . 1000◦C). In
contrast, the temperature dependence of the Q-factor shows distinct diﬀer-
ences with respect to resonators wearing metal electrodes. High losses are
observed at low temperatures since the LSM electrodes exhibit low conduc-
tion. With increasing temperature the electrodes become highly conductive
which results in increased Q-factors. Most remarkably, a Q-factor of 50 is
observed even at 1350◦C.
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Figure 9.4: Temperature dependent resonance frequency and resonator quality
factor of a 5 MHz langasite resonator wearing ceramic electrodes.
Chapter 10
Outlook
The subsequently discussed issues are not investigated in the frame of this
study. Further ongoing work is presented in Chapter 9.
10.1 Models
The modeling of the BAW resonators bases on a one-dimensional model.
Consequently, out-of-plane deformation of the devices and its eﬀect on the
resonance behavior cannot be accounted. The fact prevents accurate data
evaluation in case of the presence of mechanical stress caused by e.g.
• Diﬀerences in CTE of resonator and thick ﬁlm electrodes or sensor
materials,
• Volume changes of the sensor material due to environmental dependent
stoichiometry or phase transformation,
• Diﬀerent pressure on both sides of the resonator or
• Mechanical stress due to the resonator mounting.
In particular, asymmetric electrodes or sensor ﬁlms are expected to cause
relevant stress.
The applicability of models and approximations known for quartz res-
onators presented for example in [130–132] must be proven. Detailed un-
derstanding of stress related phenomena broadens the application range of
high-temperature resonators. The availability of stress compensated crystal
cuts is preferred to investigate, for example, mass changes of thick sensor
ﬁlms. Contrary, crystal cuts showing large impact of mechanical stress are
suited for in-situ monitoring of stress related to ﬁlm deposition or tempera-
ture changes.
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10.2 Materials
The investigations presented so far are focussed on langasite since the mate-
rial is regarded as model compound for the related family of crystals. Con-
sequently, the acquired knowledge can be applied to determine the operation
limits of other promising compounds or to improve their applicability by e.g.
appropriate doping. Candidate materials are compounds containing no or
less gallium as already mentioned in Section 7.5.
GaPO4 is part of this study since it shows extremely low losses. However,
even if its operation temperature limit of about 900◦C does not restrict the
applicability, diﬃculties to growth large and high-quality crystals prevent
its large scale application. Provided that maximum operation temperatures
of about 900◦C match the requirements, the use of LiNbO3 might be an
alternative option. Improved crystal growth technologies such as the Va-
por Transport Equilibration (VTE) enable the preparation of stoichiometric
LiNbO3. The newly available material contains less crystal defects and does
not tend to decompose. Preliminary tests indicated operation temperature
limits which are much above that of conventional non-stoichiometric mate-
rial. Detailed investigations are required.
Polycrystalline piezoelectric materials are not regarded as option for high
temperature application. The Curie temperature of most advanced materials
such as lead metaniobate (PbNb2O6) is in the order of 570
◦C which is far
below the anticipated operation limits. Further, application of such lead con-
taining materials is generally under question due to environmental concerns.
Summary
Langasite and gallium phosphate crystals are shown to exhibit bulk acous-
tic waves up to at least 1400 and 900◦C, respectively. Therefore, a wide
range of high-temperature applications becomes feasible provided that the
resonators can be operated environmentally independent. Most critical is-
sues are stoichiometry changes of the resonator materials and high losses.
First, a one-dimensional physical model is developed to describe the elec-
tromechanical behavior of thickness shear mode resonators at elevated tem-
peratures. Finite lateral dimensions of such devices require the introduction
of areas which reﬂect the eﬀective amplitude of the mechanical vibration and
the eﬀective electrode area. Most remarkably, both areas diﬀer by a factor
of about two. The accurate description of high-temperature resonators must
consider this fact. Further, the physical model includes losses in form of
imaginary parts of the materials constants. The analysis of the resonance
spectra showed that the loss of the resonators can be described satisfactorily
by the mechanical and electric contributions expressed as eﬀective viscos-
ity and ﬁnite bulk conductivity, respectively. Contrary, losses related to the
imaginary part of the piezoelectric constant does not have to be included.
An equivalent electrical circuit for high-temperature resonator devices
is derived based on the one-dimensional physical model. The approach
makes the model handy for routine data evaluation. Further, low- and high-
temperature approximations are introduced. Thereby, the structure of the
equivalent circuit corresponds to the Butterworth-van Dyke equivalent circuit
extended by a ﬁnite bulk resistance. Assignments of the lumped elements
to the physical properties are given. In case of langasite resonators the low-
temperature approximation is valid up to about 900◦C.
A parameter study is performed to evaluate the impact of the materials
properties on the resonance behavior. Using the physical model and exper-
imentally determined materials parameters, the impact of the latter on the
key resonator properties, namely the resonance frequency and the quality
factor, is given quantitatively. These expressions can be regarded as gen-
eralized Sauerbrey equations. Properties most relevant for environmentally
dependent frequency shifts and losses are identiﬁed to be shear modulus,
density, electrical conductivity and eﬀective viscosity.
The contribution of viscosity and conductivity to the total loss is ana-
lyzed using idealized data. Their magnitude corresponds to some extend to
the data of langasite. However, single activation energies are assumed to
143
144 SUMMARY
exclude e.g. local loss peaks. The approach is chosen to study the funda-
mental behavior of resonator devices at elevated temperatures. The essential
result is the appearance of three distinct temperature ranges dominated by
mechanical losses related to the viscosity, mechanical losses related to the
electrical conductivity and electric losses. Most remarkably, the mechanical
loss is signiﬁcantly impacted by the electrical conductivity due to the piezo-
electric coupling. That loss contribution shows a maximum which is found
at the dielectric relaxation frequency. Minimization of the conductivity or
the resonator operation oﬀ that frequency is recommended. The eﬀect of the
piezoelectric coupling on the loss is negligible for gallium phosphate since it
shows an extremely low electrical conductivity. Measured data of langasite
indicate dominant viscoelastic losses up to about 650◦C while the dielectric
loss dominates about that temperature. The loss peak related to the piezo-
electric coupling is observed at 925◦C for 5 MHz resonators.
The materials data of the piezoelectric crystals and the resonance char-
acteristics of 5 MHz resonators are presented up to 1050 and 900◦C for lan-
gasite and gallium phosphate, respectively. The mass sensitivity at elevated
temperatures is about as high as that of quartz at room temperature. Tem-
perature related frequency ﬂuctuations can be compensated almost entirely
by using higher vibration modes. Within its operation temperature range,
gallium phosphate shows signiﬁcantly lower losses than langasite. Even at
1050◦C the resonator quality factor of langasite resonators equals about 100
which is is suﬃciently large to determine the resonance frequency using ac-
tive methods such as network analysis.
In order to explore the operation limits and options to improve the res-
onance properties of langasite its defect chemistry is investigated. Thereby,
a defect model developed using polycrystalline langasite is found to be valid
for single crystals. Most remarkably, the electrical conductivity of nomi-
nally undoped langasite prepared by the Czochralski technique is dominated
by n-type electronic carriers below 700◦C and turns in predominant oxygen
ion conduction above that temperature. The activation energy of the oxy-
gen diﬀusion is found to be higher than that of the electronic conduction
and almost equal to the activation energy of the total conductivity above
700◦C. The former statements apply for high oxygen partial pressure. With
decreasing oxygen partial pressure n-type electronic conduction becomes al-
ways dominant, e.g. below below 10−24 bar at 800◦C. Mobile anions do not
impact the electrical conductivity as veriﬁed by measurements of the gallium
diﬀusion.
Moving oxygen ions are always present even if they do not govern the elec-
trical conductivity. Therefore, their presumably strong eﬀect on damping is
expected also at low temperatures. Consequently, donor doping appears to
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be always appropriate to decrease the loss. Donors are expected to suppress
the oxygen vacancy concentration and, thereby, the oxygen movement. The
prediction is proven by niobium doping and found to be valid. The loss could
be decreased in the entire temperature range of investigation.
Acceptor doping results in decreased electrical conductivity provided that
perfectly compensated crystals are created. However, its eﬀect on the loss
depends on the predominant charge carrier type and, therefore, on the ac-
tual temperature. Below about 700◦C, a decreased conductivity does not go
along with lower losses. Above that temperature the loss is determined by the
electrical conductivity which results in slightly lower losses with decreased
conductivity. Since the eﬀect is weak and limited to the high-temperature
range, donor doping is preferred to decrease the loss.
In the absence of hydrogen, the formation of oxygen vacancies limits the
stable operation of langasite at fairly low oxygen partial pressures. The ma-
terial shows increased n-type electronic conduction with decreasing oxygen
partial pressure. Above e.g. 10−17, 10−24 and 10−36 bar at 1000, 800 and
600 ◦C, respectively, the oxygen vacancy concentration remains almost con-
stant and a stable resonance frequency is expected. In contrast, hydrogenous
atmospheres cause a diﬀerent behavior. The conductivity decreases with de-
creasing oxygen partial pressure. The behavior is preferably discussed using
the water vapor pressure dependence of the conductivity. The incorporation
of OH-groups in oxygen vacancies results in a distinct correlation which is
experimentally conﬁrmed. Essentially, at low oxygen partial pressures the
OH-groups are removed from the lattice which lowers the concentration of
mobile hydrogen containing carriers and, thereby, the conductivity. The
related frequency shift starts at higher oxygen partial pressures than in nom-
inally hydrogen free atmospheres, i.e. below about 10−13 and 10−20 bar at
800 and 600◦C, respectively. The frequency shift of langasite resonators is in
accordance with conductivity changes which supports the model.
Application examples are summarized to demonstrate the capabilities of
high-temperature stable piezoelectric materials. For example, the simulta-
neous determination of mechanical and electrical properties of thin sensor
ﬁlms by resonant sensors enables detection of CO in hydrogen containing
atmospheres.
In recapitulating, a comprehensive view on high-temperature piezoelec-
tric materials with special emphasis on the correlation of electromechanical
properties and defect chemistry is given.
Appendix A
Materials Data
A.1 Piezoelectric Materials
Tab. A.1 lists room temperature data of the piezoelectric materials from
diﬀerent publications. The materials constants of interest for the y-cut res-
onators are ρR = ρ, εR = ε22 = ε11, eR = e26 = −e11 and c66.
In order to provide independent materials data of the actual langasite
crystals pulse-echo measurements are performed [77]. The key properties
correspond to the literature data as it can be seen from the results given in
parenthesis in Tab. A.1.
The thermal expansion of langasite is taken from [78] and extrapolated
linearly as seen in Fig. A.1. Based on this data the temperature dependence
of thickness and density is calculated. The values of GaPO4 and quartz can
be found in [40, 76] and [133], respectively.
A.2 Platinum Electrodes
Tab. A.2 presents the properties of the platinum electrodes at room tempera-
ture. Thereby, the density ρF and the clastic constant cF = c66 (= c44, cubic
crystal) are taken from [74].
A.3 Standard Resonators
This subsection summarizes materials properties and dimensions of the 5 MHz
standard resonators used for the parameter study in Chapter 3. At room
temperature, these calculations base on materials data from above. The
viscosities and dimensions are given in Tab. A.3.
Some examples refer to 1 and 25 MHz resonators. In this cases, the thick-
ness is modiﬁed, only. The capacitance and resistance of the sample holder
chosen here are CL = 10 pF and RL = 1Ω. respectively.
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Table A.1: Room temperature materials constants of langasite, gallium phos-
phate and quartz.
langasite GaPO4 quartz
[75] [40, 76] [48, 74]
ρ [103 kg m−3] 5.748 3.57 2.648
ε11/ε0 18.99 6.1 4.428
ε33/ε0 50.44 6.6 4.634
e11 [C m−2]
-0.436 0.209a 0.171
e14 0.092 0.107
a 0.041
c11
[1010 Nm−2]
18.924 6.658 8.674
c12 10.489 (10.33) 2.181 0.699
c13 9.782 (9.71) 2.487 1.191
c14 1.448 (1.50) 0.391 1.791
c33 26.330 (26.19) 10.213 10.720
c44 5.343 (5.33) 3.766 5.794
c66 4.232 (4.28) 2.238 3.988
aCalculated from eip = diqcqp [48].
Figure A.1: Thermal expansion of langasite along the x- and z-direction
according to [78] (symbols) and linear extrapolation up to 1400◦C (solid lines).
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Table A.2: Properties of the platinum electrodes.
dF [nm] ≈ 200a
ρF [10
3 kgm−3] 21.5
cF [10
10 Nm−2] 7.6
ηF 0
aAverage electrode thickness. The value
for the actual resonator is used.
Table A.3: Viscosities and dimensions of 5 MHz standard resonators at room
temperature.
material ηR dR AR AE
[Pa s] [µm] [mm2] [mm2]
langasite 0.026 272.2 10 20
GaPO4 0.038 248.6 10 20
quartz 0.046 385.2 10 20
The high-temperature data of the piezoelectric material used for the pa-
rameter study correspond to some extend to those of langasite. The extrap-
olation up to 1400◦C is done
• Linearly for the thickness and density according to the data presented
in Fig. A.1,
• Linearly for the dielectric constant and the piezoelectric coeﬃcient as
given for 500, 1000 and 1400◦C in Tab. A.4,
• Parabolically for the shear modulus as given in Tab. A.4,
• Exponentially for the conductivity and viscosity according to σR T =
σ0e
−Eσ/kBT and ηR = η0e−Eη/kBT as given in Figs. A.2 and A.3, respec-
tively.
A.4 TiO2−δ Sensor Films
The density ρF and the shear modulus cF = c66 of the sensor ﬁlm chosen for
the parameter study correspond to those of titania (rutile) according to [74].
These values, the thickness and the eﬀective viscosity are given in Tab. A.5.
150 APPENDIX A. MATERIALS DATA
Table A.4: Material constants used for the parameter study at elevated temper-
atures.
temperature εR ηR eR c66
[◦C] [10−10] [Pa s] [Cm−2] [1010 Nm−2]
500 2.02 1.14 0.52 4.11
1000 2.33 2.57 0.61 3.87
1400 2.54 3.47 0.67 3.58
Figure A.2: Conductivity used for the parameter study at elevated temperatures
(black line). For reference, the data of langasite are given (gray line and symbols).
Table A.5: Properties of the sensor ﬁlm used for the parameter study.
ρF [10
3 kgm−3] 4.26
cF [10
10 Nm−2] 19.5
ηF [Pa s] 0.05
dF [nm] 1000
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Figure A.3: Viscosity used for the parameter study at elevated temperatures
(black line). For reference, the data of langasite are given (gray line and symbols).
Appendix B
Eﬀective Electrode Area
B.1 Platinum Electrodes
The eﬀective electrode area AE is slightly larger than the geometrical elec-
trode area. The fact is caused by fringing ﬁelds as indicated in Fig. B.1.
Numerical values for the ratio of the eﬀective and geometrical electrode
area γ are determined by ﬁnite element methods using the software pack-
age FEMLAB (FEMLAB GmbH, Go¨ttingen). The resistivity RE of the res-
onator is calculated for actual dimensions of the key-hole shaped electrodes
(see Fig. 1.1), langasite disk thickness dR and conductivity σR. The platinum
electrodes are assumed to exhibit inﬁnite conductivity. Finally, the eﬀective
electrode area AE is derived from
AE =
1
σR
dR
RE
(B.1)
which represents a situation without fringing ﬁelds.
For the 5 MHz langasite resonators (dR ≈ 273 µm) with symmetrical
electrodes the eﬀective electrode area is 10.2 % larger than its geometrical
area, i.e. γ = 1.102. For asymmetrical electrodes γ = 1.135 follows. These
factors are used to calculate AE of the resonators based on the dimension of
their electrodes.
B.2 TiO2−δ Films
Conductivity
The conductivity of the sensor ﬁlm is a crucial property if its extend is larger
than that of the underlaying platinum electrode. Under such circumstances,
the eﬀective electrode size varies as function of conductivity and impacts the
resonance frequency as used for gas sensors (see Section 9.1).
The calculation of the eﬀective electrode size requires the knowledge of the
TiO2−δ ﬁlm conductivity. However, the property must be regarded in concert
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Figure B.1: Cross sections of circular TSM resonators and schematic view of the
electric ﬁeld for (a) symmetrical electrodes, (b) asymmetrical electrodes and (c)
asymmetrical electrodes with additional TiO2−δ ﬁlm. The extent of the eﬀective
electrode area AE which lies in the x1–x3 plane is indicated.
with the conductivity of the underlaying langasite substrate. The latter is ex-
pected to govern the overall behavior as long as TiO2−δ is highly conductive.
The fact follows immediately from the resistivity of a parallel arrangement of
TiO2−δ ﬁlm and langasite crystal as visualized in Fig. B.2. These results are
received by impedance spectroscopy using a langasite crystal with a TiO2−δ
ﬁlm bridging two platinum electrodes located on one surface of the crystal.
The constant resistivity above pO2 ≈ 10−16 bar indicates the dominance of
the langasite substrate. Below that pO2 the conductivity of the TiO2−δ ﬁlm
governs the overall resistivity. It must be noted that the measurements are
performed in hydrogenous atmospheres at 600◦C where the conductivity of
langasite is pO2 independent above pO2 ≈ 10−20 bar, only. Consequently,
• TiO2−δ ﬁlms are expected to impact the resonance behavior below
10−16 bar for the thickness of ﬁlm and substrate chosen here and
• The conductivity of TiO2−δ can be extracted from this measurements
between 10−16 and 10−20 bar, only.
In order to compare the conductivity of the TiO2−δ ﬁlms with literature
data, the property is estimated taking into account the conductivity and
dimensions of the underlaying langasite crystal. The results are shown in
Fig B.3. Between 10−17 and 10−20 bar the negative slope of −1/4 in the
log−log plot indicates n-type conduction behavior [99]. The mechanism cor-
responds to a partial reduction of the ﬁlm. The conductivity can be described
by
σF = σ0 p
−1/4
O2 (B.2)
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Figure B.2: Resistivity of a parallel arrangement of TiO2−δ ﬁlm and langasite
resonator at 600◦C.
with σ0 = 3.9 × 10−4 S/m. Further, the magnitude of the conductivity
corresponds to data published e.g. in [134, 135] where σ0 ranges from 4.4×
10−5 to 5.6 × 10−3 S/m. Below 10−20 bar, the slope in Fig B.3 is slightly
altered which can be caused by impact of the langasite substrate or change
of the predominant charge compensation mechanism in TiO2−δ.
In summary, the conductivity of the TiO2−δ ﬁlms used here ﬁts into com-
mon patterns and shows, in particular, a pO2-dependence of −1/4 in the
log−log plot. The numerical values derived here are used in Appendix B to
calculate the eﬀective electrode size.
Eﬀective Area
If the electrodes exhibit ﬁnite conductivity, the calculation must include the
lateral resistance of the TiO2−δ ﬁlm which follows from Eq. B.2. The sit-
uation is illustrated in Fig. B.1c where the outer part of the top electrode
consists of a TiO2−δ ﬁlm. Fig. B.4 presents the result for a 40 nm thick
TiO2−δ ﬁlm. Remarkably, the area doubles if the pO2 approaches 10−20 bar.
The calculation is conﬁrmed by the measured change of the bulk resistivity
presented as relative value R0S/RS with R
0
S = γRS(10
−6 bar).
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Figure B.3: Conductivity of the actual TiO2−δ ﬁlms as function of pO2.
Figure B.4: Eﬀective electrode area with respect to the geometrical area of the
top platinum electrode calculated as function of pO2 for a 40 nm tick TiO2−δ ﬁlm
and measured (relative) change of the bulk resistance.
Appendix C
Experimental Details
C.1 Sample Preparation
Single Crystalline Material
Crystal Growth
Nominally undoped and doped langasite single crystals are provided pre-
dominantly by the Institute for Crystal Growth, Berlin-Adlershof, Germany
(IKZ Berlin) [30]. Furthermore, a single crystal is delivered by the Tohoku
University, Institute for Materials Research, Japan [10]. These crystals are
grown by the Czochralski technique. Thereby, starting powder is prepared
by mixing stoichiometric amounts of La2O3, Ga2O3, and SiO2 (purity 4N).
After calcination, the material is charged into a crucible and heated. Subse-
quently, the crystals are pulled at a rate of 1.5 mm/h under N2– 2 % O2. In
addition, crystals purchased from AXTAL GmbH, Lobbach, Germany, and
Mitsubishi Materials Corporation, Saitama, Japan, are included in initial in-
vestigations. Details about the growth process of the latter materials are not
available. General information about the Czochralski method can be found
in [26, 94, 136, 137].
Impurities and Dopants
The crystals from IKZ Berlin are grown in iridium crucibles. Undoped mate-
rial appears transparent independent of its treatment in oxidizing or reducing
atmospheres.
The crystal from Tohoku University is grown in a Pt-10 % Rh crucible
which results in platinum and rhodium impurity concentrations of 0.08 and
0.6 %, respectively. The as grown material looks reddish and decolorizes by
tempering in reducing atmospheres as conﬁrmed by own experiments. The
phenomenon is well known and does not inﬂuence the piezoelectric properties
at room temperature [11]. The coloration can be attributed to color centers
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Figure C.1: Cation stoichiometry of langasite from diﬀerent manufacturers ac-
cording to La3+αGa5+βSi1+γO14+δ determined by WDX (solid symbols) and ICP
(open symbols).
which are formed by rhodium and OH-groups. Heating in oxygen increases
the optical absorption at 0.58 µm and the transmission at 2.9 µm [138].
In particular large langasite crystals are suspected to show some ﬂuctu-
ation of their physical and chemical properties due to striation, inclusions,
voids, dislocations and compositional variations. The latter can be caused
by e.g. temperature ﬂuctuations at the growth interface [89]. In order to
evaluate the composition of the langasite crystals used here, WDX and ICP
analysis is performed. Fig. C.1 shows the stoichiometry ﬂuctuations for the
cations1 expressed as α, β and γ in the formula La3+αGa5+βSi1+γO14+δ. Ob-
viously, only the crystals from IKZ Berlin and Tohoku University exhibit
nearly stoichiometric compositions. Within a given crystal, the stoichiom-
etry ﬂuctuations are insigniﬁcant, i.e. smaller than the error bars given in
Fig. C.1. The crystals from AXTAL and Mitsubishi Materials show signiﬁ-
cant deviations of the stoichiometric composition and are, therefore, largely
excluded from further investigations.
Intentionally doped langasite single crystals are provided by IKZ Berlin.
The growth process corresponds to that described above except for the partial
replacement of lanthanum or gallium by the dopants, namely strontium,
praseodymium and niobium.
1The oxygen content can not be determined satisfactorily by the methods applied here.
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Figure C.2: Surface proﬁle of a polished langasite resonator.
Polycrystalline Material
Further, polycrystalline langasite is provided by Dr. H. Seh, MIT. These
samples are prepared by mixing and ball-milling stoichiometric amounts of
La2O3, Ga2O3, and SiO2. Subsequently, the powder is pressed into pellets
and ﬁred at 1450◦C in air for 10 h. X-ray diﬀraction shows the material to be
langasite with no observable second phases. Additionally, niobium, strontium
and praseodymium doped samples are prepared. Densities of approximately
90 % are obtained while the grain size varied from 1 to 10 µm depending
on the dopant. These samples are predominantly prepared for conductivity
measurements as described in detail in [43]. Some of the polycrystalline
samples are used in this work for the determination of the oxygen diﬀusion
coeﬃcients.
Resonator Device Preparation
The resonator preparation is performed by cutting langasite single crystals
into circular plates and polishing. Thereby, special emphasis is taken on the
parallelism of the surfaces. The surface roughness is in the order of a few
nanometer as visualized in Fig. C.2. The thickness of the devices varied from
about 200 to 800 µm.
Except stated otherwise, pre-annealing of the langasite samples in air is
performed prior to the experiments in order to achieve oxygen equilibrium
and, therefore, reproducible initial conditions. The minimum equilibration
time is estimated according to Section 7.2. Since below 1000◦C the resulting
periods of time became infeasible, the minimum equilibration temperature
applied here is 1050◦C even if the subsequent experiments are performed at
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lower temperatures.
Up to 400 nm thick key hole shaped platinum electrodes are deposited
by pulsed laser deposition on both sides of the crystals. An intermediate
titanium layer of about 10 nm improves the adhesive strength between the
langasite plate and the platinum contact.
C.2 Experimental Setup
The experimental setup used to adjust temperature and gas atmosphere dur-
ing the electrical characterization of the samples consists of a gas tight furnace
with a nominal temperature accuracy of 0.1 K, a gas mixing system which
provides Ar, O2, H2 and CO as well as an alumina sample holder with plat-
inum wiring. During the high-temperature experiments, the gas atmosphere
is essentially provided in two diﬀerent fashions:
• Maintenance of a constant oxygen partial pressure for long periods of
time. The gas ﬂow rate is typically adjusted at 20 cm3min−1.
• Repeated switching of the atmosphere by pumping of rough vacuum
and subsequent backﬁlling with either oxygen, argon or 6% H2/Ar.
The pumping process temporarily causes undeﬁned temperature and
pressure ﬂuctuations.
The electrical measurements are performed either in ambient air, artiﬁcial
air, CO/CO2 or H2/H2O gas mixtures with Ar as carrier gas. The test of
the sensing capabilities of coated langasite resonators is partially performed
in atmospheres containing simultaneously CO and H2.
CO, H2 and Ar are premixed by a gas mixing system. Typical gas com-
positions and ﬂow rates are 0.5 % H2/Ar or 0.5 % CO/Ar and 20 cm
3min−1,
respectively. For the further calculations, the amount of gases provided to
the reaction chamber is converted in their partial pressure.
In order to adjust the pO2, oxygen is titrated into the reaction chamber via
a zirconia oxygen ion pump (ZIROX GmbH, Greifswald, Germany). Thereby,
a feedback-control unit enables maintenance of a constant oxygen partial
pressure in the range from 1 to 10−25 bar. The system maintains the oxygen
partial pressure with an accuracy of ∆log(pO2[bar]) ≤ 0.1 at 600◦C and
above.
H2/H2O gas mixtures requires special attention. Beside the adjustment
of the pO2 they enable reactions of hydrogenous species with the samples.
During a given experiment, the amount of H2 provided to the reaction cham-
ber, denoted by pRTH2 , is kept constant. Thus the resulting hydrogen partial
pressure pH2 at elevated temperatures
pH2 = p
RT
H2 − pH2O (C.1)
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is reduced due to the formation of water vapor via
2 H2 + O2 → 2 H2O. (C.2)
The equilibrium
p2H2pO2/p
2
H2O = const. (C.3)
yields:
pαH2O ∼ pO2 (C.4)
with α = 2 in the marginal case of very low pO2. With increasing pO2, α
became pO2 dependent and increases.
C.3 Resonance Spectra
The electromechanical behavior of the resonators is investigated by monitor-
ing the real and imaginary parts of the impedance spectra in the vicinity
of the resonance frequency using a network analyzer (HP E5100A). This
technique is useful even for heavily loaded resonators which could not sup-
port oscillations in an oscillator circuit. Further, it opens the possibility of
studying more than the changes in resonance frequency.
The raw data are calibrated using the three-term calibration scheme de-
scribed in [139].
C.4 Impedance Spectra
The electrical bulk resistance RS and capacitance CS of the samples are de-
termined using an impedance analyzer (Solartron SI 1260). Both properties
are part of the equivalent circuit as shown in Fig. 2.5a. The frequency range
chosen for the measurements of 10 mHz to 1 MHz reﬂects the bulk proper-
ties and is much below the mechanical resonance frequency of the samples.
Therefore, ZM virtually does not impact the measurements.
The low frequency intercept of the RS –CS semicircle in the complex
impedance plane is interpreted as the bulk resistance and used to calculate
the bulk conductivity σR according to Eq. 2.30.
The samples exhibit non-ideal behavior which is common and caused by
e.g. rough surfaces or varying thickness of the samples [140]. As a result,
the semicircles are slightly depressed. The fact requires the application of a
constant phase element (CPE) instead of a pure capacitance for the actual
ﬁts. Its impedance ZCPE can be described by the parameters T and P and
the angular frequency ω
ZCPE =
1
T (iω)P
. (C.5)
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Figure C.3: Impedance of a langasite sample at 500 and 600◦C in the low fre-
quency range (10−1– 106 Hz).
For further calculations, the complex part of the RCPE –ZCPE circuit must
be converted into a pure capacitance. Assuming identical resistances of ideal
and depressed semicircle at low frequencies
RS (ω → 0) = RCPE (ω → 0) (C.6)
and identical angular frequencies at the maximum of the respective semicircle
ωC
(
RS
2
)
= ωCPE
(
RS
2
)
(C.7)
the capacitance CS can be derived
CS = R
(1−P )/P
S T
1/P . (C.8)
Finally, the dielectric constant εR follows from Eq. 2.29.
Fig. C.3 shows an example for a ﬁtted semicircle at 500 and 600 ◦C.
At the latter temperature, the capacitance given in the plot corresponds to
CS = (2.16×105)(1−0.96)/0.96(4.02×10−11)1/0.96 F = 24.7 pF. For the specimen
used here, the values for P range from 0.95 to 1.
C.5 Diﬀusion Coeﬃcients
16O/18O Exchange
Self-diﬀusion diﬀusion coeﬃcients can be extracted by analysis of the move-
ments of stable tracers within a given sample. Oxygen diﬀusion measure-
ments base commonly on the exchange of the stable tracer isotope 18O with
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low natural abundance (0.206 at%), with that of naturally occurring 16O in
the solid.
In order to prepare the samples, pre-annealing runs are performed in ar-
tiﬁcial air at the same temperature and pO2 as the subsequent diﬀusion runs.
Thereby, the period of time is chosen to be at least four times longer than
that of the tracer diﬀusion. After pre-annealing, the samples are temporarily
moved into a cooler area of the furnace (∆T = 250◦C) to replace the gas
atmosphere with 18O2 enriched gas (typically 80. . . 90 %). The samples are
then exposed to the tracer at temperatures ranging from 500 up to 1000◦C
to achieve the 18O−16O exchange. Subsequently, the resulting concentration
proﬁles are determined by secondary ion mass spectrometry (SIMS, Cameca
IMS 3f) or secondary neutral mass spectrometry (SNMS, VG SIMS Lab).
The 18O concentration at the surface of the sample cS is potentially lower
than the concentration in the surrounding gas environment cG. Therefore,
the surface exchange kinetics must be taken into consideration.
Single Crystalline Material
The diﬀusion model given in [141] describes the such situations for a sin-
gle diﬀusion mechanism. Here, the surface exchange kinetics and the bulk
diﬀusion are expressed by K and D, respectively
k (cG − cS) = D∂c
∂y y=0
. (C.9)
The measured depth proﬁles are ﬁtted by a least square regression procedure
based upon the diﬀusion solution according to Eq. C.10
c(y, t)−cBG
cG−cBG = erfc
(
y
2
√
Dt
)
− exp
(
k
D
y +
k2
D
t
)
erfc
(
y
2
√
Dt
+ k
√
t
D
)
(C.10)
where y, t and cBG are the depth, the diﬀusion time and the natural back-
ground 18O concentration, respectively.
Good agreement between the model and experimental data of the langa-
site single crystals could be achieved thereby conﬁrming the occurrence of a
single diﬀusion mechanism.
Polycrystalline Materials
The analytical solution in the form of Eq. C.10 cannot be applied if more
than one diﬀusion mechanism takes place simultaneously. For example, poly-
crystalline samples exhibit diﬀusion in the volume and the grain boundaries.
The common way to plot the corresponding diﬀusion proﬁles is to express
the logarithm of the concentration as a function of depth to the power of 6/5.
The grain boundary term is then visible as the linear part of the concentration
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Figure C.4: Schematic concentration proﬁle for tracer diﬀusion in polycrystalline
materials.
proﬁle, and from the slope the grain boundary diﬀusion coeﬃcient can be
calculated [142] when the volume diﬀusion coeﬃcient is known. In this study,
the analytical approach proposed in [143] is used. The linear part of the
depth proﬁle, plotted versus x6/5 and extrapolated to x = 0, represents the
contribution of grain boundaries, c 0GB , approximated by
c 0GB = 0.9 cGλ 2
√
Dt. (C.11)
Here, λ and D are the grain boundary length per unit area and the bulk dif-
fusion coeﬃcient, respectively. Fig. C.4 visualizes the contributions of bulk
and grain boundary diﬀusion to the diﬀusion proﬁle. The grain boundary
length may be extracted by processing cross sections of the specimen. Ex-
amples for diﬀusion proﬁles and cross sections of the specimen are given in
[144]. A typical grain boundary length per unit area is λ = ( 0.7± 0.1) µm−1.
Ion Implantation
The determination of the gallium diﬀusion coeﬃcients can be performed using
the stable isotope 71Ga. The small diﬀerence in abundance of the gallium
isotopes 69Ga and 71Ga (61 and 39 at%, respectively) requires the application
of large quantities of 71Ga. Nevertheless, a poor signal resolution during
analysis has to be expected.
The isotope 71Ga is implanted into the specimens at the Universita¨t
Frankfurt, Germany. The tracer, extracted from a gallium arsenate plasma,
is accelerated to 50 keV and focused on the surface of y-cut langasite plates.
The total amount of implanted 71Ga ions is about 8×1016 ions/cm2. To
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Figure C.5: Schematic concentration proﬁle for 71Ga where the tracer is im-
planted at the surface region of the sample. The area of damaged crystal structure
is gray shaded.
avoid electrical charging of the surface, the samples are treated with an ad-
ditional electron beam. The subsequent diﬀusion runs are performed in air
at temperatures from 700 up to 1000◦C.
71Ga is implanted by a 50 keV accelerator. Damage of the lattice in the
implanted region is, therefore, expected and the evaluation of the diﬀusion
coeﬃcients must account for the damaged region. A schematic implantation
proﬁle is shown in Fig. C.5.
Fick’s second law still describes the transport. But the equation has
to be solved numerically by e.g. using the Crank-Nicolson scheme [73]. As
boundary condition, the ﬂux of particles at the surface is described by the
surface exchange coeﬃcient KGa according to Eq. C.9 with cG and cS as the
concentration of 71Ga in the gas phase and the in the sample close to the
surface, respectively. It should be noted that this expression can be used to
estimate the rate of gallium loss from the surface by evaporation. Further,
there is no particle ﬂux assumed at positions which are at least twice as
deep as the penetration depth of the implanted ions (assumption of semi-
inﬁnite solid). The initial condition is given by the concentration proﬁle of
71Ga, obtained from the sample before annealing. The determination of the
gallium diﬀusion coeﬃcient is performed using a simplex ﬁt algorithm [73]
which minimizes χ2, i.e. the sum of the squared diﬀerences of data and ﬁt
function is minimized. Fit parameters are the surface exchange coeﬃcient K
and two diﬀusion coeﬃcients, DDGa and DGa. They describe the
71Ga diﬀusion
in the damaged surface region and the langasite lattice, respectively. DDGa
is introduced to allow a reasonable ﬁt and is applied in a depth range from
y = 0 to y = 2xP , where xP is the position of maximum of the initial
71Ga
concentration as indicated in Fig. C.5).
Appendix D
Terms and Acronyms
Terms and conventions used in this work are deﬁned. Further, symbols and
acronyms are listed.
D.1 Terms and Conventions
α-quartz is commonly denoted by quartz, only.
Complex quantities are not indicated explicitly except they have to be
distinguished from their real or imaginary part. If the latter is required,
the complex quantity is marked by a hat as seen e.g. in Eq. 2.15.
Concentrations of dopants etc. are given as molecular percentage.
Indices of the EC parameters refer to the physical property therein hav-
ing the strongest impact in the respective context (e.g. temperature
dependence).
Overtones are denoted by (odd) numbers corresponding to the vibration
nodes. For example, the fundamental mode and the 1st overtone are
indexed by N = 1 and 3 , respectively. Frequencies without index refer
to the fundamental mode.
Resonance spectra are impedance spectra acquired in the vicinity of the
resonance frequency.
Undoped or nominally undoped langasite crystals are not intentionally
doped. Independent of the potential presence of impurities they are
denoted as undoped.
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D.2 Symbols
AE Eﬀective area of the electrodes
AR Eﬀective area of the resonator device
B Susceptance, imaginary part of the admittance
c[N ] Linear temperature coeﬃcient of overtone N
c0, c1, c2 Temperature coeﬃcients in polynomial expressions
c66 Shear modulus
c66[..] Approximation of c66 for high [+] and low temperatures [-]
Cc Capacitance in Xc
cF Shear modulus of the ﬁlm material
cG, cS Concentration in the gas phase and the sample, respectively
cij Mechanical stiﬀness
CL Stray capacitance
CM Motional capacitance of the resonator device
CM [..] Approximation of CM for high [+] and low temperatures [-]
cR Piezoelectrically stiﬀened shear modulus of the resonator
material(x2-direction)
cRT c66 at room temperature
CS Static capacitance of the resonator device
c[..] Concentration of species [..]
Cσ− Capacitance in Xσ−
Cε Capacitance in Xσ
d Piezoelectric constant [C/N]
D Electrical displacement
D0 Pre-exponential factor
dR, dF Thickness of resonator and ﬁlm, respectively
D[..] Diﬀusion coeﬃcient of species [..]
e Piezoelectric constant [C/m2]
EA Activation energy
eR Piezoelectric constant of the resonator material(x2-direction)
eR[..] Approximation of eR for high [+] and low temperatures [-], re-
spectively
E Electrical ﬁeld
ED Dissipated energy
ES Stored energy
fEP , fIC Temperature compensated frequency by external and internal
temperature measurement, respectively
f
[N ]
P Parallel resonance frequency of overtone N
fRT Resonance frequency at room temperature
f
[N ]
S , f
[N ] Series resonance frequency of overtone N
G Conductance, real part of the admittance
I Electrical current
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IS, IM Current through the static and the motional arm, respectively
kB Boltzmann constant
K2 Electromechanical coupling coeﬃcient of the resonator material
k[..] Reaction constant for reaction denoted by [..]
kR,A, kR,D Reaction constants for reduction in the presence of acceptors and
donors, respectively
K, K[..] Surface exchange coeﬃcient, surface exchange coeﬃcient of
species [..]
LM Motional inductance of the resonator device
LM [..] Approximation of LM for high [+] and low temperatures [-]
Lρ Inductance in Xρ
Lσ Inductance in Xσ
Lσ+ Inductance in Xσ+
MR Resonator mass
n Concentration of electrons
N Overtone number
p Concentration of holes
pH2 Hydrogen partial pressure
pRTH2 Hydrogen partial pressure at room temperature
pH2O Water vapor partial pressure
pO2 Oxygen partial pressure
Q Resonator quality factor (Q-factor)
Q0 Q-factor for the motional arm
QBvD Q-factor derived from the BvD model
QBW Q-factor derived from the bandwidth approach
QBvD[..] Approximation of QBvD, for high [+] and low temperatures [-]
Qc, Qe Q-factor related to the mechanical loss and to the imaginary part
of the piezoelectric constant, respectively
Qc,η, Qc,σ Dissipation factor related to mechanical losses; viscosity and con-
ductivity contribution, respectively
q[..] Charge of species [..]
R Resistance, real part of the impedance
rE Radius of the electrode
RL Lead resistance
RM Real part of Z
R
M
RM+ Approximation of RM for high temperatures
R[N ] Mass resolution of overtone N
RS Static resistance of the resonator device
Rη, Rσ Contribution to RM , dominated by ηR and σR, respectively
Rσ[..] Contribution to Rσ with positive [+] and negative temperature
coeﬃcient [-]
S Mechanical strain
SIC Mass sensitivity after internal temperature compensation
S
[N ]
m Mass sensitivity of overtone N
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t Time
T Mechanical stress, temperature
T0 Nominal operation temperature
TTC Turnover temperature
u Displacement
x Space coordinates (x1 = x, x2 = y, x3 = z)
X Reactance, imaginary part of the impedance
Xc,Xρ,Xσ Contribution to XM dominated by cR, ρR and σR, respectively
XM Imaginary part of Z
R
M
Xσ[..] Approximations of Xσ for high [+] and low temperatures [-]
Y Admittance
Z Electrical impedance, impedance of the resonator
ZM Motional impedance of the resonator device
ZEM Motional impedance of the resonator wearing identical ﬁlms on
both sides
ZFM Motional impedance of the ﬁlm
ZRM Motional impedance of the unperturbed resonator
ZSM Motional impedance of the resonator wearing a ﬁlm on one side
ZS Static impedance of the resonator device
ZT Impedance of resonator and holder
|Z| Impedance modulus
α Exponent describing the correlation of partial pressures
αR, αF Acoustic phase shift inside resonator and ﬁlm, respectively
χ2 Sum of the squared diﬀerences of data and ﬁt function
δ Dissipation factor
δc Dissipation factor related to mechanical losses

R Imaginary part of the piezoelectric constant of the resonator ma-
terial
η0 Temperature independent contribution of the eﬀective viscosity
ηF Eﬀective viscosity of the ﬁlm material
ηR Eﬀective viscosity of the resonator material
ηR[..] Approximation of ηR for high [+] and low temperatures [-]
κ[..] Relative derivative of the frequency for the parameter [..]
µ[..] Mobility of species [..]
ν[..] Relative derivative of the Q-factor for the parameter [..]
ω Angular frequency
φ Electrical potential
ϕ(f) Phase angle
ρF Density of the ﬁlm material
ρR Density of the resonator material
σB Electrical bulk conductivity
σf Standard derivation
σR Electrical conductivity of the resonator material
ε Dielectric constant
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εR Dielectric constant of the resonator material (x2-direction)
ζFn Normalized acoustic load impedance
D.3 Acronyms
BAW Bulk Acoustic Wave
BvD Butterworth-van Dyke
CPE Constant Phase Element
CTE Coeﬃcient of Thermal Expansion
EC Equivalent Circuit
FTIR Fourier Transform InfraRed spectroscopy
HTMB High-Temperature Micro Balance
ICP Inductive Coupled Plasma
LSM Lanthanum Strontium Manganate
pc Polycrystalline
PLD Pulsed Laser Deposition
QCM Quartz Crystal Microbalance
Q Resonator quality factor (Q-factor)
RT Room Temperature
SAW Surface Acoustic Wave
sc Single crystalline
SIMS Secondary Ion Mass Spectrometry
SNMS Secondary Neutral Mass Spectrometry
TSM Thickness Shear Mode
WDX Wavelength Dispersive X-ray spectroscopy
VTE Vapor Transport Equilibration
XRD X-Ray Diﬀractometry
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